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 The light weight deflectometer (LWD) is a portable device used to perform a dynamic 
plate load test developed to rapidly assess the in situ elastic modulus of surface soils. LWDs are 
particularly suited for the evaluation of compacted base and subgrade layers prior to application 
of the pavement surface or wearing course and have slowly gained acceptance for purposes of 
quality control/quality assurance (QC/QA) and nondestructive evaluation in earthwork 
construction. The use of LWD testing has been prompted by the need for performance related 
specifications of pavement construction. In this sense, techniques are needed to measure the 
designed-for properties of pavement layers, e.g., resilient modulus. The shift towards 
performance-based specifications requires this, and is critical for mechanistic empirical 
pavement design.  
 The relatively recent inclusion of radial offset sensors with LWD testing has stemmed 
from the well-established Falling Weight Deflectometer (FWD) testing method of 
backcalculating individual layer moduli from a measured deflection bowl. However, very little 
research exists in the literature exploring the applicability of backcalculating layer moduli from 
LWD tests with radial offset deflection sensors, particularly in the field on active construction 
sites. Furthermore, LWD use on stabilized or lightly bound layers as well as the use of radial 
offset deflection measurements to isolate individual moduli has not been heavily addressed in the 
literature. To this end, a thorough investigation of the applicability of LWD testing on stabilized 
layers using radial offset deflection measurements is needed to determine if using the LWD is 
feasible for construction QC/QA of stabilized base layers on low volume roads.  
 LWD testing data with radial offset deflection measurements on stabilized base layers 
from seven field sites were rigorously analyzed to determine if radial offset sensors are a 
necessity for QC/QA. Several backcalculation methods, both static and dynamic, were explored 
to isolate individual layer moduli and characterize the curing behavior of the stabilized layer. It 
was found that radial offset deflection measurements are critical to the assessment of both the 
stabilized base and subgrade layers and should be incorporated into LWD testing for QC/QA. 
Backcalculation results demonstrated the dynamic nature of the LWD test to be significant and, 
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CHAPTER 1 – INTRODUCTION 
1.1  Overview  
The lightweight deflectometer (LWD), also referred to as the portable falling weight 
deflectometer, is a device used to perform dynamic plate load tests. One such model of this 
device, the Prima 100 shown in Figure 1.1Figure 1.1, measures the applied force induced by a 
drop mass as well as the resulting ground velocity beneath the plate center and at two radial 
offsets, typically 30 and 60 cm (12 and 24 in). Vertical ground deflection is determined from the 
velocity measurements. The elastic stiffness or modulus of the underlying material is estimated 
via a variety of simple and more complicated techniques.  
 
Figure 1.1 Prima 100 LWD manufactured by Carl Bros 
The LWD is particularly suited for the evaluation of compacted base and subgrade layers 
prior to application of the pavement surface or wearing course. The LWD is gaining acceptance 
in the U.S. for quality control (QC), quality assurance (QA) and nondestructive evaluation in 
earthwork construction (Lin et al. 2006, Miller 2007, Fleming et al. 2009, Siekmeier et al. 2009). 
Two U.S. DOT agencies, namely the Minnesota Department of Transportation (MnDOT) and 
Indiana Department of Transportation (InDOT) have developed and implemented specifications 
for incorporating the LWD test in QC/QA. The LWD has witnessed more rapid and widespread 
adoption in Europe largely because stiffness based acceptance, traditionally via the static plate 





1.2  Background 
The principle of the LWD test is based on a free-falling mass delivering an impulse load 
to the soil or pavement surface. The impulse load is generated by the impact of a mass (10-20 
kg) sliding down a guide rod and impacting a set of rubber buffers or stiff metal springs that 
convert the energy of the falling mass into a metered impulse. The impulse load is on the order 
of 15-20 ms generating a peak contact stress of 100-200 kPa (14.5-29 psi), similar to the stress 
applied by truck traffic to the underlying subgrade and base materials assuming a wearing course 
is in place. The impulse load is transferred to a 20 cm or 30 cm diameter bearing plate resting on 
the soil surface. The diameter of the bearing plate is selected based on the desired target contact 
stress. For subgrade and subbase layers, a 30 cm plate is recommended for generating a contact 
stress of 100 kPa (14.5 psi). For base layers, the contact stress exhibited from traffic loading is 
much higher; therefore the 20 cm diameter plate is recommended for generating a contact stress 
around 200 kPa (29 psi) (Fleming 2000). The influence depth at the load plate center has been 
reported to be 1.0-1.5 times the diameter of the bearing plate (Fleming 2000, Nazzal et al. 2007, 
Adam et al. 2009, Mooney & Miller 2009). 
Several commercial LWDs have been developed, most notably the Zorn ZFG2000, 
Loadman, Prima 100 and Dynatest 3031. All LWD devices exhibit many similarities in their 
mechanics of operation although there are some differences in design, mode of operation, and 
sensor equipment/location. The Prima 100 LWD used in this study measures the force with a 
load cell and measures the velocity of the ground surface utilizing a velocity transducer 
(geophone) that rests on the soil through a hole in the center of the plate. The Prima 100 provides 
the option of two additional geophones to measure surface deflections at radial offsets from the 
plate center (typically 30 cm and 60 cm). 
The conventional method for extracting soil elastic modulus from peak center deflection 
results utilizes Equation (1.1) that is derived from homogeneous, isotropic, linear elasticity 
theory (Fleming 2000). 
     
 (    )   
     
                                                            (1.1) 
where   is a stress distribution factor,   is the assumed Poisson’s ratio of the soil (typically 
assumed    ),     is the peak applied force, w0 is the resultant peak displacement, and   is the 




distribution assumption,     for an inverse parabolic distribution assumption, 8/3 for parabolic 
distribution assumption. When interpreting LWD test results on layered soil systems, as often the 
case in pavement foundations, ELWD is essentially a composite modulus of the layers within the 
influence depth rather than the true modulus of the tested layer (Fleming et al. 2007), since 
Equation (1.1) is only valid for a homogeneous, isotropic halfspace. The relatively recent 
inclusion of radial offset geophones with LWD testing has stemmed from the well-established 
FWD testing method of backcalculating individual layer moduli from a measured deflection 
bowl. However, very little research exists in the literature exploring the applicability of 
backcalculating layer moduli from LWD tests with radial offset deflection sensors.  
1.3 Summary 
 This thesis is divided into chapters. Chapter 2 presents a review of the current state of 
LWD research including the dynamic effects of the test, the incorporation of radial offset 
deflection measurements with the LWD, correlations with falling weight deflectometer (FWD) 
test, and the uncertainty/variability associated with the LWD test.  
 Chapter 3 covers several backcalculation techniques that could be employed to estimate 
individual layer moduli including static techniques widely used with FWD testing such as the 
AGDPS method and layered elastic analysis methods. For the dynamic analysis of LWD 
deflections, a finite element (FE) model with a genetic algorithm inverse model is described in 
detail.  
 Chapter 4 presents the results from laboratory LWD testing in a fabricated soil box to 
determine how different layered systems change the measured results of the LWD test, 
specifically for radial offset deflections. A thorough analysis on the issue of reflections off the 
side walls of the soil box and whether they influence the measured results is also discussed in 
this chapter.  
 Chapter 5 summarizes and presents the results from LWD testing with radial offset 
deflection measurements at seven field test sites (Figure 1.2). Testing at the field sites were 
conducted on stabilized base materials over multiple cure days to characterize the curing 
behavior of the stabilization treatments. Some supporting data from the FWD, moisture, and 






Figure 1.2. Map of LWD study test sites  
Chapter 6 compares the results from the field sites to demonstrate the different curing 
behaviors for different stabilization techniques as well as to shed light on the benefits of 
incorporating radial offset deflection measurements for QC/QA testing. Results from the static 
backcalculation for each site are summarized and presented here for comparison.  
Chapter 7 presents the results from dynamic FE backcalculation for one representative 
test location at each site and compares the backcalculated moduli with three static 
backcalculation results to demonstrate the differences and possible correlations between dynamic 
and static analyses.  
Chapter 8 presents conclusions and recommendations for future research based on the 











CHAPTER 2 – LITERATURE REVIEW 
2.1  LWD Behavior 
The LWD was designed to approximate the load experienced by subgrade and base 
material due to truck traffic at highway speeds on the overlying pavement. The application of 
force to a plate from a 10 kg drop mass buffered by steel springs or elastomeric bearings 
provides a 15-25 s load pulse with amplitude of 7-10 kN.  When applied to a 30 cm diameter 
plate on subgrade soil, the resulting average contact stress of 100 kPa is consistent with that 
delivered by an AASHTO design truck wheel to a subgrade layer. When applied to a 20 cm 
diameter plate on a base layer, the resulting average contact stress is 200 kPa. Because this test is 
dynamic and simulates wheel loading, conventional thinking is that it can provide a measure of 
resilient modulus, similar to AASHTO T307.  
The classical formula used to estimate the elastic modulus from the measured LWD 
deflection (center of plate) and applied load is shown in Equation (1.1). This formula assumes 
that a prescribed contact stress distribution with a definable distribution is applied to a 
homogeneous, isotropic, linear elastic halfspace. It also assumes that the impact load is applied 
statically, i.e., inertia and damping of the soil is not considered. Studies have demonstrated that 
Equation (1.1) has considerable limitations: 
 contact stress distribution varies (Miller & Mooney 2009, Vennapusa & White 2009) 
 soil is not spatially homogeneous  
 the presence of an annulus leads to significant underestimation of center deflection 
due to the particulate nature of the material (Stamp & Mooney 2013).  
 the inertia and damping of the soil can be significant (e.g. Chatti et al. 2004) 
Previous research has demonstrated the dynamic effects of the LWD to be significant. 
Loizos & Boukovalas (2005) and Adam et al. (2009) found that the LWD dynamic deformation 
modulus ELWD, sometimes referred to as Evd in the European literature, is approximately 10-20% 
greater than a quasi-static deformation modulus (magnitude of the LWD force applied via static 
PLT) when testing on vertically homogeneous soil, indicating that the dynamic LWD deflections 
at the plate center are lower than the static deflections. Sebaaly et al. (1985) determined that peak 
static deflections at the plate center on a layered pavement system were 25-30% higher than 




al. (1994) and Foinquinos et al. (1995). It is well documented that longer applied force pulse 
durations reduce the dynamic effects (e.g., Fleming 2000).  
A sensitivity analysis using a finite element model (Senseney 2011) also found LWD 
deflections to be less than static deflections for homogeneous halfspace conditions (up to 5% 
less) and for two-layer stiff over soft layer elastic systems (up to 50% less). Senseney (2011) 
explored the influence of both the top layer thickness (h) and modular ratio (E1/E2) on the ratio 
of peak dynamic to static deflections. He found that as h and E1/E2 increase, LWD deflections 
are increasingly lower than static deflections. Differences between static and dynamic deflections 
were found to be more substantial for radially offsets of 30 and 60 cm than at the plate center. 
The reasons for and the implications of the significant differences between the quasi-
static and dynamic analyses have been addressed in the FWD literature. In as early as the 1980s, 
it was recognized that static analyses of dynamic deflections may result in significant errors, 
particularly if radiation damping is large or if a resonant condition is encountered (Mamlouk & 
Davies 1984, Roesset and Shao 1985). Early research on FWD testing also revealed that the 
presence of near surface bedrock increases the dynamic effect. Foinquinos et al. (1995) showed 
that for deep bedrock (> 10 m), dynamic deflections induced by FWD loading were 20-25% 
lower than static deflections (see Figure 2.1) at the plate center (station 1) and at radial offsets 
(stations 2-7). As the bedrock depth decreased, the FWD deflection was amplified due to 
dynamic effects. For depths to bedrock less than approximately 5 m, the FWD deflections 
exceeded static deflections by 10-50% depending on radial offset distance. Accordingly, use of 
the static backcalculation will result in an overestimation of the top layer elastic modulus if a 
shallow stiff layer is present.  
 
Figure 2.1 Effect of Bedrock depth on ratio of dynamic to static displacement from FWD testing (Foinquinos 
et al. 1995). Stations refer to the location of the deflection measurement; Station 1 is the center plate and 





Despite the above evidence, dynamic analysis of FWD and LWD data are not used 
extensively due to perceived complexity. Conventional static approaches are still widely used 
today. This is reflected in the specifications for use of the FWD, where quasi-static methods are 
most commonly used to backcalculate layer moduli. Considering these findings, the ELWD value 
provided via Equation (1.1) is a relative dynamic modulus, and while it is influenced by the 
constitutive Young’s modulus of the soil, Equation (1.1) is not an accurate estimate of the 
Young’s modulus. Further, the deviation of LWD estimated modulus from Young’s modulus 
varies as a function of layer thickness, modulus ratio and presence of near surface bedrock.  
2.2  Extension of LWD to Incorporate Radial Offset Sensor Data 
Research has also shown that the LWD provides a measure of composite stiffness 
representing the soil to a depth equal to 1.0-1.5 times the plate diameter (Fleming 2000, Nazzal 
et al. 2007, Adam et al. 2009, Mooney & Miller 2009). In many cases, this implies that ELWD is a 
composite modulus of layers, e.g., base and subgrade. To improve upon the estimation of elastic 
modulus given the limitations of Equation (1.1) and to isolate the layer parameters (like FWD 
analysis), recent research has focused on using deflections from radially-offset sensors in 
combination with backcalculation procedures and correlations between radial offset deflections 
from LWD and FWD tests.   
Recently, geophones placed at radial offsets have been incorporated into LWD testing to 
measure vertical deflections at radial distances from the plate center (typically 30 and 60 cm) 
(Senseney & Mooney 2010). The use of radial offset geophones is standard practice in FWD 
testing for determining layered properties. In theory, radial deflections allow for the extraction of 
individual layer moduli through backcalculation. According to elastic theory, vertical surface 
deflections at radial offsets are caused almost entirely by strains in deeper material. Assuming 
homogeneous, isotropic, linear elastic halfspace conditions, vertical deflections at z = r is 
approximately equal to the vertical surface deflection (z = 0) at r (Figure 2.2) (DYNATEST 
2008). 
Extraction of layer properties, specifically the elastic modulus, from measured deflections 
at radial offsets is an inverse problem and involves a forward model to predict deflections for 
known layered systems and a backcalculation procedure (inverse model) to identify the best fit 




the assumed elastic properties. The forward model can either be a static or dynamic layered 
elastic analysis routine, a finite element (FE) model, or a static model based on some simplifying 
elasticity assumptions (Odemark’s layer transformation method with Boussinesq’s equations, 
layered elastic analysis, etc.). 
 
 
Figure 2.2 Deflection on a semi-infinite halfspace 
 
Only three published studies have reviewed the use of radial offset geophones in LWD 
testing to measure vertical deflection during LWD testing (Horak et al. 2008, Senseney & 
Mooney 2010, Ahmed & Khalis 2011). In a study where LWD and FWD testing was performed 
on sand treated with emulsion, Horak et al. (2008) found a stronger correlation between LWD 
and FWD deflections at radial offsets than for center plate deflections. The correlations will be 
presented in the following section. Senseney & Mooney (2010) tested the applicability of radial 
geophones on one and two layer test beds using a 30 cm diameter plate LWD. On medium stiff 
granular material, the LWD was found to produce a measureable deflection bowl to a radial 
offset sensor spacing of 75 cm. Radial offset deflections also demonstrated the ability to measure 
at deeper depths (1.8 times plate diameter) compared to conventional center plate deflections (1-
1.5 times plate diameter). Furthermore, when limited to stiff over soft layered systems, radial 
offset deflections were found successful in accurately backcalculating layer moduli using 
Odemark’s method (discussed in Chapter 3). Ahmed & Khalid (2011) incorporated radial 
sensors with LWD testing using a 20 cm diameter plate on a two layer system in a fabricated soil 
box with different blends of incinerator bottom ash (IBA) mixed with limestone. Utilizing a 3D 




simulations and measured deflections at the center, 20 cm and 40 cm radial offsets for 2 of the 4 
different IBA blends tested. 
2.3  Correlation with FWD 
Due to the commonality between the LWD and FWD, several studies have been 
published comparing results from the two tests. Reported correlations between Prima 100 ELWD 
and EFWD based on center plate deflection are listed in Table 2.1. Correlations between other 
LWD devices and the FWD have been reported in the literature but are not presented here.  





Material Description Ref. 




30 cm (12 in) Granular capping materials Fleming et al. 
(2000) 
ELWD = 0.63 to 1.67 
EFWD 
N/A 30 cm (12 in) Hydraulic mix granulates (very 
stiff self-cementing materials) 
Van Gurp  et al 
(2000) 
ELWD = 0.79 EFWD N/A 30 cm (12 in) Very gravelly moraine sand 
materials 
Hildebrand et al 
(2003) 
ELWD = 1.03 EFWD 0.94 20 cm (8 in) Cement treated, lime treated, 
unstabilized clay, granular 
Abu-Farsakh 
et al. (2004) 
ELWD = 1.03 EFWD 0.94 30 cm (12 in) Natural and stabilized clay, and 
crushed limestone and stabilized 
aggregate base/subbase material 
Nazzal et al. 
(2004) 
ELWD = 1.42 ELWD - 
209 (MPa) 
0.81 30 cm (12 in) 5-6” asphalt surface Steinert et al. 
(2005) 
ELWD = 0.92 ELWD 0.64 30 cm (12 in) A-2-4, A-4 and A-6 soils George 
(2006) 
ELWD = 1.05 EFWD + 
4.36 (MPa) 
0.84 30 cm (12 in) A-4 soil Petersen et al. 
(2007) 
ELWD = 1.10EFWD 0.62 20 cm (8 in) Sand Treated with Emulsion 
(STE) 
Horak et al. 
(2008) 
 
A number of these correlations indicate a near 1 to 1 relationship between ELWD and 
EFWD. However, the variance from some of the published correlations suggests that the 
relationship between LWD and FWD response is both site and material specific, as discussed in 
other literature (Fleming et al. 2007, NCHRP 2008). Further, neither ELWD nor EFWD is 
consistently greater than the other. This may be due to the strong stress dependency of reported 
stiffness from the LWD compared to the FWD. The stress imposed by the LWD (100-200 kPa 




strain dependency modulus is nonlinear, it is to be expected that no consistent relation exists 
between the LWD and FWD.  
While the FWD traditionally incorporates radial offset sensors, the use of radial sensors 
for the LWD is only beginning. Only one published study by Horak et al. 2008 has explored 
potential correlations between LWD and FWD radial offset deflections. Based on LWD and 
FWD testing on 75 mm and 100 mm deep sand treated with emulsion test sections, the radial 
offset deflections at r = 30 and 60 cm exhibited a fairly strong correlation. The regression 
equation for peak deflections at 30 cm radial offset was reported to be              




 = 0.82), where w and d indicate LWD and FWD deflections, respectively. For peak 
deflections at 60 cm radial offset, the regression equation was reported to be     
         
      
 (R
2
 = 0.67). Deflections at the plate center produced the poorest correlation (R
2
 
= 0.62) of the three deflection measurements (w0, w30, w60). Horak et al. concludes this to be due 
to the difference in contact pressure and the shallow depth of influence of the lighter LWD 
weight and low drop height of the LWD.  
2.4 Uncertainty/Variability 
One of the concerns consistently found in LWD studies is the high coefficient of 
variation (cv) in ELWD data. Compared to other devices that measure some degree of soil stiffness, 
the LWD consistently exhibits higher variation. In a study at nine different test sites (5 LWD 
tests at 3 different compactive efforts at each site), ELWD values showed a range of cv = 2-28% 
while the geogauge exhibited a cv magnitudes of 0.4-11.4% (Abu-Farasakh et al. 2004). A 
decreasing trend in cv was exhibited with increasing ELWD as demonstrated in Figure 2.3. 
 




In a study by Hossain & Apeagyei (2010), field tests at seven pavement sections (three 
existing gravel roads and 4 flexible pavements) yielded cv magnitudes from 22-77% for 21 LWD 
tests along 75-150 m (250-500 ft) long test sections at each of the 7 pavement sites. This 
compared to cv = 8-42% for the geogauge and 13-68% for the DCP. It should be mentioned that 
soil stiffness varies spatially due to inherent variability in soil composition, density, moisture and 
layer thickness. The magnitudes of cv will vary from site to site; of greater interest here is the 
relative difference between device values of cv. 
From 50 test locations on a regular grid at 10 m intervals over a rectangular area of 
approximately 5000 m
2
, ELWD results exhibited a cv = 31% compared to 14% from the FWD 
(Fleming et al. 2007). In a study assessing the applicability of using the LWD for QA of 
mechanically stabilized earth (MSE) wall and bridge approach earthwork compaction, the LWD 
demonstrated higher variability compared to the Clegg hammer and DCP (Mooney et al. 2008). 
Testing on 12 test beds (6-15 test locations at each test bed) varying from 120-370 m
2
 revealed cv 
magnitudes from 15-43% for the LWD and 8-24% for the Clegg hammer. DCP testing was 
conducted on four of the test beds; resulting cv magnitudes of 8-15% were consistently less than 
the LWD.  
LWD tests on nine various soil types over 150-530 m long test sections revealed cv 
magnitudes of 26-52% (Petersen et al. 2007). These authors conclude that because of the high 
variability, it is not possible to develop a quality control scheme for in-situ stiffness 
measurements. In a study using three different LWDs (Zorn ZFG 2000, Keros, and Dynatest 
3031), Vennapusa and White (2009) reported cv magnitudes ranged from 9-64% across seven 
different field sites (11-124 test locations per site). Higher cv was generally demonstrated for 
higher samples; the area of the test sections were not reported.  
In general, resulting cv values from the different LWD devices used at each site were 
similar, suggesting that the variability is not necessarily device dependent, but more so due to the 
actual spatial variability of the soil. The cv for Zorn ELWD was generally slightly lower compared 
to the Keros and Dynatest ELWD values; however, the Zorn LWD assumes a constant applied load 
(e.g. no load cell present) which will result in different ELWD cv values than if variation in applied 
load was considered in the modulus calculation. Table 2.2 summarizes the cv magnitudes in ELWD 





Table 2.2 Summary or reported spatial cv for LWD and other devices 
 






Ref. LWD FWD GeoGuage DCP Clegg 
Test Area/ 
Section Length 




  0.4-11.4   
 
9 5 9 m
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Fleming et al. 
(2007) 
31 14     
 
1 50 5000 m
2
                      
Hossain & 
Apeagyei (2010) 
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Mooney et al. 
(2008) 
15-43   8-15 8-25 12 6-15 120-368 m
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153-534 m               
Vennapusa & White 
(2009) 







Variability can be attributed to two sources: inherent variability in soil properties and 
measurement error (Phoon & Kulhawy 1999). Higher variability has been observed in strength 
and stiffness parameters than water content, Atterberg limits, unit weight, etc. (Phoon & 
Kulhawy 1999, Elkateb et al. 2003). Variability of stiffness measurements at immediately 
adjacent positions have been found to be “significantly large” (e.g. as much as 40% over a 2 m 
distance) (Fleming 2001). Furthermore, ELWD is a composite stiffness measure of the interaction 
of layers with often different stress dependent properties (Fleming 2000). The LWD has also 
exhibited higher variation in results on coarse base aggregate (Von Quintas et al. 2005, Kremer 
& Dai 2004, White et al. 2004, Lin et al. 2006). This is likely due to uneven contact surfaces and 
soil heterogeneity. The LWD has been found to be sensitive to changes in moisture; moisture 
content has a significant effect on the results (Hossain et al. 2010, Mooney et al. 2008, Davich et 
al. 2006, Beyer et al. 2007).  
Some studies have also reported the repeatability of the LWD to be less than other 
devices. Mooney et al. (2008) found that the precision uncertainty for the Zorn LWD (2-12%) is 
generally higher than the Clegg hammer (2.5-6.5%), and the nuclear gage (0.6% for density and 
8% for moisture). For the LWD, precision uncertainty was found to improve for increasing 
ELWD. In another repeatability study on a laboratory test bed consisting of several different soil 




geogauge reported a lower cv range of 2-39% (Ashibli et al. 2005). Ashibli et al concluded that 
wide scatter and poor repeatability was observed in LWD measurements.  
While there are several studies in the literature demonstrating that the LWD results in 
higher cv values than other devices, one should keep in mind that the different devices report 
different measures of stiffness. The DCP and Clegg Hammer measure shear strength, which is 
not necessary related to modulus. The GeoGauge, FWD and LWD all measure the soil modulus, 
however, under different strains. The GeoGauge measures low strain modulus, the FWD 
measures high strain modulus and the LWD measures the modulus under strains between the 
GeoGauge and FWD.  
In summary, the LWD has consistently exhibited higher variability in results that other 
devices that measure similar soil properties. This must be taken into consideration when 
developing a specification for implementing the LWD as a QA/QC testing device. Furthermore, 
compaction and stiffness are generally more variable than density. Since traditional QA/QC 
involves density based criteria, one has to keep in mind that higher spatial variability should be 
expected from stiffness based measurements. When taking into account the natural 
heterogeneity, the effects of layer interactions, it is evident that developing target values for 






CHAPTER 3 – LIGHTWEIGHT DEFLECTOMETER DATA ANALYSIS METHODS 
3.1 Modulus Determination 
This chapter discusses in detail three quasi-static and one dynamic backcalculation 
methods that can be employed to estimate individual layer moduli. Two quasi-static methods 
stem from the FHWA FWD Guidelines (Schmalzer et al 2007), namely the AASHTO Guide for 
Design of Pavement Structures (AGDPS) procedure and the layered-elastic backcalculation 
procedure as performed by the MODTAG computer program for the FWD data and RoadBC for 
the LWD data. Both procedures estimate the stiffness of the pavement layers, referred to as the 
resilient modulus (MR) for unbound pavement materials and as the “elastic modulus” (Ep) for 
bound pavement materials. In practice, however, these terms are often used interchangeably. The 
third quasi-static method utilizes commercially available software called LWDMod, developed 
specifically for the Dynatest 3031 LWD layered-elastic backcalculation using Odemark’s 
method with Boussinesq equations. The dynamic backcalculation method utilizes a 2D FE model 
developed by Senseney (2011) and expanded upon by Stamp (2012) to simulate LWD testing. 
For the inverse model, Senseney developed a genetic algorithm (GA) to automatically find the 
best-fit results to estimate the dynamic moduli of a two-layer system. 
3.2 AGDPS  
The AGDPS procedure is primarily used to characterize the effective structural capacity 
of existing pavements (Schmalzer et al 2007). The specific procedure used to characterize the 
structural capacity of an existing pavement depends on the pavement type (asphalt concrete (AC) 
or Portland cement concrete (PCC)). The procedure for AC pavements is discussed herein.  
The analysis for AC pavements uses only two surface deflection measurements and is based on a 
simplified version of the Boussinesq equation for surface deflection of an elastic halfspace. This 
method assumes that the pavement system can be represented as two layers: a subgrade of 
infinite depth with a resilient modulus (MR) overlain by a pavement having a total thickness D 






Figure 3.1 AGDPS Flexible Pavement Model (Schmalzer et al 2007) 
 
The first step in this procedure involves the backcalculation of the subgrade modulus 
from FWD radial offset deflection using a simplification of Boussinesq’s formula.  
             
         
 
   
                                                 (3.1) 
The simplified equation used in the AGDPS procedure is defined as: 
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)                                       (3.2) 
where MR is the subgrade resilient modulus, Fpk is the peak applied load, dr is the measured 
deflection at radial distance r, and r is the radial distance at which the deflection is measured. 
Poisson’s ratio is assumed to be 0.5. Equation (3.2) is a simplification of the Boussinesq formula 
based on the observation that, at points beyond a certain distance from the load center, the 
measured deflection is almost entirely due to the deformation of the subgrade. Furthermore, 
Equation (3.2) assumes a point load as radial offset deflections at a certain point from the plate 
center are independent of the radius of the load plate. The minimum radial distance at which the 
deflection is used to estimate the subgrade modulus may be estimated using Equation (3.3). 
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where rmin is the minimum sensor radius, a is the load plate radius, D is the total thickness of the 
pavement layers above the subgrade, Ep is the effective modulus of all pavement layers above the 
subgrade, and MR is the subgrade resilient modulus. 
To backcalculate Ep, Equation (3.4) is used. 




























where d0 is the deflection measured at the center of the load plate, p is the average load plate 
contact stress, and all other variables are as defined above. Equation (3.4) is a version of the 
Boussinesq deflection equation that has been tailored to the AGDPS design procedure. 
Many states use the AGDPS procedure for its ease and high production capabilities. In this 
study, Equations (3.2-3.4) were utilized to backcalculate Ep and MR from LWD and FWD, with 
Ep representing the stabilized base course and MR representing the underlying subgrade modulus. 
However, as the Mechanistic-Empirical Pavement Design Guide (MEPDG) is expected to be 
implemented in the near future, layered-elastic backcalculation techniques are becoming more 
and more frequently used. One of the major limitations of the AGDPS procedure is that it was 
based on empirical equations derived from the AASHO Road Test conducted between 1958 and 
1960 in Ottawa, Illinois. Therefore, efforts are being made to move away from this approach. 
3.3  Odemark-Boussinesq Method 
A second backcalculation method implemented in the commercial software LWDMod 
utilizes Odemark’s layer transformation approach in conjunction with Boussinesq’s equations for 
LWD deflection data analysis (DYNATEST 2008). Odemark’s layer transformation method 
assumes that a layered structure can be transformed into an equivalent uniform halfspace with a 
uniform modulus (E2) for which Boussinesq’s equation may be applied to calculate deflections 
(Figure 3.2) (Ullitz 1987). 
 
Figure 3.2 Odemark’s transformation of a two-layer system into an equivalent homogeneous half-space 
 
As shown in Figure 3.2, a top layer with thickness h1 and with E1 > E2 can be transformed into a 
layer of E2 with equivalent thickness he. 
 










where h1 is the thickness of the top layer, and E1 and E2 are the elastic moduli of layers 1 and 2 
respectively. f is a correction factor for better agreement between Odemark’s method and elastic 
theory, and depends on the layer thickness, modulus ratio, the number of layers in the pavement 
structure and the depth of interest (Subagio et al. 2005, El-Badawy 2011)). Two critical 
conditions should be met with this approach: (1) layer thickness can be no more than one-half the 
radius of the loading plate and (2) modulus decreases with each descending layer by a factor of 
two, i.e., E1 > 2E2, E2 > 2E3, etc. The advantage of using the equivalent thickness method is that 
Boussinesq’s equations can easily be applied thus simplifying the backcalculation of layer 
moduli. The modulus of a semi-infinite halfspace may be calculated from: 
 
  
          
  
                                                                   (3.6) 
 
where w0 is the deflection at the center of the circular load and A is the stress distribution factor 
(same as A for Equation (1.1)). Note that we use dr and wr to distinguish between FWD and 
LWD deflections, respectively. In principal, they are the same. According to the theory of 
elasticity, the deflections caused by a point load are very close to the deflections under a circular 
load, for distances of more than two radii from the center of the load. Therefore, the elastic 
modulus may be calculated from radial offset deflections from Equation (3.7). 
 
  
       
    
                                            (3.7) 
 
where wr is the deflection at distance r from the load center. 
The surface deflection from a point load on a semi-infinite halfspace is inversely 
proportional to the distance from the load. The deflection at a depth z equal to the distance from 
the load is almost equal to the deflection at the surface as illustrated in Figure 2.2. While there 
may be some slight compression or extension above d(r, z=r), it is small compared to the 
compression of the material below 45
o
 from the point load.  
A second and more significant advantage of the Odemark-Boussinesq method is the 
ability to account for non-linearity in dynamic deflection testing by incorporating a non-linear 
relation for the subgrade modulus (Ullidtz & Stubstad 1985). Dynamic deflection testing 




dependence, where subgrade stress levels beneath outer sensors are much lower than subgrade 
stress levels for inner sensors. The consensus model for the resilient modulus (Mr) that reflects 
the stress dependence of static loading (Witczak & Uzan 1988) is given by: 
 










                            (3.8) 
 
where the bulk stress θ = σz + σx + σy, q is the deviator stress, p is atmospheric pressure, and k1, 
k2, and k3 are best fit parameters determined by laboratory data. The k3 value is negative, 
typically in the range of 0 to -0.2 for granular materials and 0 to -0.6 for cohesive materials. The 
more negative k3 becomes, the more the modulus decreases with increasing deviator stress. 
The dynamic aspect of FWD and LWD testing produces an effect similar to static non-linear 
stress dependence. Test results often show a variation of deflections with radial offset similar in 
behavior to non-linearity represented by k3 in Equation (3.8). Accordingly, the non-linear 
subgrade modulus (E2) used in Odemark-Boussinesq calculations (Ullidtz 1987) can be 
expressed in the form: 
 





                                                             (3.9) 
 
where σ1 is the major principle stress from external loading, and C and n are constants 
corresponding to k1 and k3, respectively. This approach was evaluated in a study on instrumented 
test pavements in the Sweden (Wahlman & Stahle 1995). Stresses and strains calculated from 
FWD tests were found to agree reasonably well with measured values. 
The commercially available software Dynatest-LWDmod utilizes this approach to 
backcalculate the modulus of individual layers. Using Boussinesq’s equations, deflections are 
calculated as the sum of the compression of the top layer plus the deflection of the subgrade. The 
compression of the top layer is defined as the difference between deflection at the top and the 
bottom of the layer in the transformed system. LWDmod iterates the layer moduli until 
calculated deflections closely match the measured deflections.  
To use Odemark’s transformation with a non-linear subgrade in a two layer system, the 
equivalent thickness of the pavement layers (he,1)  is calculated, and deflections are calculated 




(3.10) where E(r1) and E(r2) are the elastic moduli determined from radial sensors at r1 and r2, 
respectively. Then, he,1 is calculated from Equation (3.11) as follows: 
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Stresses are then calculated with Boussinesq’s equations and moduli with Equation (3.8). 
Finally, LWDmod iterates moduli within these equations until the calculated deflection basin 
closely matches the measured deflection basin.  
3.4  MODTAG/RoadBC 
A second FWD backcalculation method utilizes the MODTAG program in conjunction 
with MODCOMP and CHEVLAY2 for layered-elastic backcalculation using FWD deflection 
data from as many as 10 radial offsets (Schmalzer et al 2007). While the AGDPS procedure 
(which only uses two deflection points) has been the most commonly used procedure in the past 
and is still widely today, the use of layered-elastic backcalculation techniques have become a 
more common method for deflection data analysis. Layered-elastic techniques such as 
CHEVLAY2 are based on layered-elastic theory where the pavement system is modeled as a 
system of layers each with an elastic modulus, Poisson’s ratio, and thickness. This approach can 
be more accurate in estimating layer moduli because it uses more deflection measurements then 
AGDPS, however, there is no closed-form solution for computing individual layer moduli and 
the backcalculation process is highly sensitive to errors in measured deflections and layer 
thicknesses.  
MODTAG analysis was used for the analysis of the Badlands FWD data in this study 
(presented in Chapter 4) in attempt to better predict the stiffness of the stabilized base layer. The 
pavement system was modeled as a 5 layer system with a 7 in. FDR layer overlaying three 
subgrade layers and hard bottom. Results for the underlying layers were deemed inaccurate 




depth; it is expected from pavement design that layer moduli would consistently decrease with 
depth.  
For LWD data, RoadBC was utilized to estimate layer moduli from the LWD deflections 
because LWD data could not be imported into the MODTAG program. RoadBC also works in 
conjunction with CHEVLAY2 for layered-elastic backcalculation; however, RoadBC requires 
the user to manually change layer modulus values rather than using an automated search 
algorithm to find the best fit results. For the RoadBC analysis, a two layer system was assumed 
for simplicity.  
Finally, Stubstad et.al (2009) introduced the Deterministic-Empirical Backcalculation 
(DEB) procedure that utilizes the Hogg model (Hogg, 1944) and the AREA approach (FHWA 
2006) to estimate the individual moduli of the subgrade and upper layer moduli. The Hogg 
model and AREA approach were reportedly modified from the approach outlined in FHWA 
2006 to best fit LWD data, but the new equations are not reported (Stubstad et al 2009). While 
best efforts were taken to duplicate this approach, results were found to be inconsistent and are 
not reported. 
3.5 Dynamic Backcalculation Using a Finite Element Model 
Motivated by the research of Loizos & Scarpas (2005) who successfully implemented a 
dynamic finite element (FE) model to compare calculated deflections to measured FWD 
deflections, Senseney (2011) used an axisymmetric, hemispherical FE model to match measured 
LWD deflections on homogeneous and layered soils. For the dynamic analysis of LWD results in 
this study, the interaction of the LWD loading with the soil is modeled in the commercial finite 
element package COMSOL Multiphysics
TM
. Analysis can be performed in either time or 
frequency domains. One benefit of frequency domain analysis is the ability to incorporate 
material damping. Previous studies have validated this model both via static loading compared to 
the Boussinesq analytical solutions (Stamp 2012) and via dynamic loading compared to a 
derivation of Lamb’s problem (Senseney 2011). The soil is modeled as a 2D axisymmetric 
circular halfspace with a radius of 20 m, as shown in Figure 3.3 with the modeled Zorn and 
Prima LWD loading plates (developed by Stamp 2012). The 20 m radius soil region is large 
enough such that peak deflections are not influenced by reflecting waves off the soil boundary, 




COMSOL built-in physics controlled mesh too with a minimum of 9 nodes at the load plate/soil 
interface.  
 
Figure 3.3 Geometry and loading of Dynamic, linear elastic, axisymmetric 2D finite element model of Zorn 




Stress-strain behavior is modeled as linear elastic and transversely isotropic (including 
isotropic). Hooke’s law for an orthotropic material in cylindrical coordinates, with r, θ and z as 
the radial, tangential, and vertical axes, respectively follows as Equation (3.12) and (3.13) (Jones 
1999): 
                                      (3.12) 
                                           (3.13) 
For an axisymmetric model, where the z axis is the axis of symmetry, there is only one shear 
stress component      Based on the simplified relationships Ez = E, Er = Eθ = E’, vvr = vzθ = v, 
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                                                (3.15) 
To backcalculate the layer moduli from experimental deflections, Senseney’s Genetic 
Algorithm (GA) is employed to find the best-match modeled deflection data to measured 
experimental deflection data. The GA is search algorithm that combines “survival of the fittest” 
theory with randomized information exchange. Senseney originally developed the search 
algorithm to search for all soil parameters (layer thickness, elastic modulus, Poisson’s ratio, 
anisotropy and damping), however, computational time is prohibitively long for field 
applications. To expedite the search, all parameters were pre-defined except for the layer moduli. 
This simplified version of the backcalculation method was deemed to yield acceptable results 
since layer moduli are the primary parameters that influence peak deflections. A parametric 
study found that peak deflections nominally vary by 100-200% over the elastic modulus 
parameter space compared to 10-25% over the damping ratio parameter space, 9-23% over the 
Poisson’s ratio parameter space and 1-7% over the modulus anisotropy parameter space 
(Senseney). Nonetheless, employing the simplified GA is still computationally expensive. The 
computational expense remains to be a significant drawback for field applications and is the 














CHAPTER 4 – LABORATORY STUDY 
4.1 Introduction 
Experimental testing of soil structures and layered soil systems typically requires testing 
at existing construction sites at various points during construction.  This requires extensive 
coordination between contractors and researchers to ensure access to the site at times when 
testing will yield academically valuable information. In addition, the exact layer thickness is not 
always known and typically varies over the construction site, specifically if grading occurs 
during the construction. Field testing also contributes uncertainly due to weather conditions and 
site-specific factors.  To eliminate these problems a number of researchers have turned to 
dedicated soil testing facilities built around a large box. Such a box was constructed at CSM to 
provide a facility in which layered soil systems can be constructed to meet specific research 
needs and tested without concern for weather or construction schedules. 
4.2 Soil Box Design 
A large free-standing soil box structure with inside dimensions 2.4m x 2.4m x 1.2m was 
constructed out of timber (Figure 4.1).  
 
Figure 4.1 (a) Schematic of laboratory soil box; (b) Picture of soil box constructed for laboratory testing 
 
The dimensions were selected based on availability of space for both the box and soil, and 
constructability of the layered systems in a laboratory setting. Ideally one would construct a box 
of dimensions on the order of 10 m to minimize wave reflections (discussed later); however, this 










lifts with removable boards on two sides of the box for easier placement and accessibility when 
placing and testing on the lower layers. The other two sides and the floor of the box were 
constructed of 1.9 cm (0.75 in) thick plywood. The box frame was designed and constructed to 
prevent outward soil pressure from bulging or pushing the walls of the box apart. The entire 
structure rests on a raised, reinforced concrete floor. 
4.3 Soil Selection 
Two materials were selected for the soil box testing: masonry sand and road base gravel 
(Figure 4.2). These cohesionless soils were selected to represent soft (sand) and stiff (gravel) 
layer materials. The masonry sand was obtained from Pioneer Sands in Golden, CO and the road 
base gravel was obtained from Lafarge in Golden, CO. Geotechnical properties for the sand and 
gravel are presented Table 4.1. The masonry sand was classified as an A-1-b soil, poorly graded 
with a maximum grain size of 1.2 mm. The road base gravel was classified as an A-2-4 soil, well 
graded with a maximum grain size of 13.5 mm. Standard proctor tests demonstrated a zero-








) for the 
gravel. From Atterberg testing, both soils demonstrated to be non-plastic.  
 
Figure 4.2 Picture of soil tested in box: (a) masonry sand and (b) road base gravel 
 


















Sand A-1-b NP Poorly graded 1.2 105 1680 





Figure 4.3 presents the grain size distributions for the sand and gravel. The masonry sand 
demonstrated to consist of generally uniform particle size (0.425-1.2 mm). The road base gravel 
demonstrated to be well graded, with the majority of the grains having a particle size between 4.7 
mm and 13.5 mm. The masonry sand did not consist of any fines and the road base gravel 
consisted of less than 10% fines.  
 
 
Figure 4.3 Sieve analysis for (a) masonry sand and (b) road base gravel 
 
The contrast in stiffness between the selected sand and gravel was confirmed through 
LWD testing in a small scale box (Figure 4.4). Trial soils were placed and compacted to the 
maximum dry density specified from Standard proctor testing. Center peak deflections from 
LWD testing on the sand were at least two times the peak deflections for gravel for the same 
applied load. This was determined an acceptable stiffness contrast between the two soils to 







Figure 4.4 Small scale soil box for preliminary testing 
 
4.4 Test Beds 
To construct the test beds in the large soil box, the soils were weighed and placed in 9.5 
cm thick lifts to meet max dry densities and compacted to a fixed volume using a combination of 
a tamping rod and vibratory plate compactor (Figure 4.5). Considerable effort was taken to 
ensure spatial homogeneity (e.g. equal compactive effort, layer thickness, and density for each 
constructed lift). The spatial variation in lift thickness was less than 0.5 cm.  
 
Figure 4.5 Picture of compaction devices used; (a) vibratory plate and (b) tamping rod 
 
Four test beds were constructed in the soil box; two “halfspace” (1 gravel and 1 sand) test 
beds and two layered test beds (1 stiff-over-soft and 1 soft-over-stiff) (Figure 4.6). The halfspace 
layer (layer 2) was constructed in seven 9.5 cm “lifts” to a total thickness of 66.5 cm. The top 






Figure 4.6 Schematic of test beds for (a) soft-over-stiff and (b)stiff-over-soft 
 
To check for spatial homogeneity quality, 25  Zorn and Prima 300 mm LWD tests, herein 
referred to as Z3 and P3,  in a 5x5 grid were conducted after each lift was constructed (Figure 
4.7). For the LWD tests, ELWD was computed from measured peak force (Fpk) and peak 
deflection (w0
max
) to determine the variation in stiffness after placement and compaction of each 
lift. The degree of spatial homogeneity was quantified by the cv in ELWD from the LWD tests. The 
target variation in ELWD to assume spatial homogeneity was ≥ 10%. Resulting cv for the four test 
beds are presented in Table 4.2. cv for Z3 was consistently less than 10% while P3 exhibited 
significantly higher cv exceeding 10% in most cases. This discrepancy in cv between Z3 and P3 is 
assumed to be a result of the LWD device, specifically regarding the issue of the annulus in the 
Prima plate as found by Stamp (2012). Variation in ELWD from Z3 testing is less than 10% for all 
test bed locations and was deemed acceptable for assuming spatial homogeneity. 
 















Sand 66.5 5.6 13.6 
Gravel 66.5 6.4 17.2 
Soft-over-Stiff 
Test Bed 
9.5 5.3 10.1 
19.0 6.2 9.5 
28.5 7.3 8.8 
38.0 8.5 9.4 
Stiff-over-Soft 
Test Bed 
9.5 9.3 14.3 
19.0 7.0 12.1 
28.5 4.7 10.3 
 
LWD testing during lift placement and compaction of the halfspace, and eventual 
underlying layer, revealed that the structural concrete floor on which the box rested exhibited 
deflections that resulted in a bulk deflection of the soil box. As a result, measured deflections 
from LWD testing consisted of deflections of both the soil and the entire rigid box. However, as 
the thickness of the homogeneous layer increased, the motion of the floor decreased 
substantially. This is demonstrated in Figure 4.8 which illustrates the increase and eventual 
leveling off of ELWD from Z3 and P3 testing, without subtracting floor motions for the LWD 
results. Figure 4.9 presents the normalized deflection time histories (w0/Fpk) at the center of the 
box for each constructed lift, which demonstrates higher deflections at h = 38.0 cm and 47.5 cm, 
and similar deflections at h   57.0 cm. Based on these results, it was determined that a minimum 
thickness of 66.5 cm was required to remove most of the effects of the concrete slab under the 
soil box during conventional LWD testing 
 





Figure 4.9 Normalized deflection histories during construction of the gravel halfspace for (a) Z3 and (b) P3 
It is evident that the change in ELWD and normalized deflections with additional lifts 
dramatically decreases after 6 lifts (57 cm). This indicates that the effects of LWD loading on the 
concrete floor are significant for layer thickness ≤ 47.5 cm but essentially removed at layer 
thickness ≥ 57 cm. The depth of influence of the LWD, based on these results, is suggested to be 
approximately 1.6 times the plate diameter, falling in a reasonable agreement with reported 
influence depths in the literature (Fleming 2000, Nazzal et al. 2007, Adam et al. 2009, Mooney 
& Miller 2009). However, even at h = 66.5 cm, the floor on which the box is resting still exhibits 
measurable motions (Figure 4.10). The velocity records in Figure 4.10 are from Z3 testing on the 
gravel halfspace (h = 66.5 cm). The motion of the floor is reflected in the raw surface motion, 
notably around 20 ms. Consequently, measured surface deflections will not be representative of 
an infinite halfspace. To correct for this, floor motions are assumed to be representative of the 
vertical motion of the entire soil box and thus can be subtracted from surface motions for a 
corrected surface velocity.  
 





4.4 Box Reflections 
One significant issue that was anticipated was the reflection of the seismic waves off the 
wood/soil box boundary. To this date, LWD studies in laboratory soil containers have either 
ignored reflections off the container boundary or assumed reflections to be insignificant (e.g. 
Ahmed & Khalid 2011) and neglect to report the full time histories of measured deflections. An 
extensive literature search revealed two possible materials to use as an energy absorbing 
boundary; duxseal and sawdust (Dorbry et al. 1986, Cheney et al. 1990). Due to the low 
frequency nature of the LWD test (primary frequencies range from 0-25 Hz), traditional LWD 
drop mass loading induces seismic waves with large wavelengths on the order of 1.5-2.0 m. In 
consideration of impedance mismatch and radiation damping (geometric attenuation), the 
primary source of damping in surface loading on soil, more than 30% of the incident wave 
amplitude will reflect back to the load source and deflection sensors if no energy absorbers are 
used. However, FE modeling and analytical calculations revealed that neither the duxseal nor 
sawdust boundary eliminated a substantial portion of the reflected wave to be deemed 
significant. Because of the low frequency nature of the LWD test, energy absorbing boundaries 
are not practical in laboratory soil box situations.  
In the soil box, the objective was to not only measure center deflection time histories 
representative of field conditions, but also deflection time histories at radial offsets from the 
plate center. The deflections at radial offsets occur sometime after the center deflection, 
depending on the nature of the surface wave propagation. LWD tests in the soil box are 
conducted at the center of the box with radial geophones placed in various locations between the 
exterior wall of the soil box and the LWD plate (Figure 4.11).  
 





An example of deflection time histories for 0 cm (center), 30 cm, and 60 cm deflections 
is shown in Figure 4.12. Deflections presented here are from P3 testing on gravel halfspace at the 
center of the box with radial offset sensors measuring deflections 30 cm and 60 cm from the 
center of the load plate. Evidence of reflection behavior is clearly present, specifically after 25 
ms, or 10 ms after Fpk. To determine if reflections interfere with deflections, it is possible to 
estimate when reflections would arrive based on Rayleigh wave velocities determined from the 
w30 and w60 time lag and distance. From Figure 4.12, a time lag of 2 ms occurs between the start 
of the deflection curve at radial offsets 30 cm and 60 cm. This corresponds to a Rayleigh velocity 
of 150 m/s. With a the outside geophone 60 cm from the edge of the soil box, this allows only 4 
ms of measured deflections before, theoretically, reflection waves would return to the surface 
geophone and interfere with the deflection time history.   
 
Figure 4.12 Representative w0, w30 and w60 from soil box testing with P3 LWD 
 
Use of a soil box in place of actual field testing requires that the box accurately reproduce 
soil behavior. For dynamic testing of soils, the propagation and reflection of input energy is of 
primary concern. Reflections are generally not a concern in the field where conditions typically 
approximate infinite boundaries, but in a controlled setting, reflected wave energy may 
contribute to some error to measurements and must be quantified. To explore the reflection 
behavior of the soil box, both surface wave and body wave propagation from two different 
loading situations were measured. The first loading case was the conventional drop mass loading 
using the Z3 LWD. The second loading case involved striking the Z3 plate with rubber mallet. 





Figure 4.13 Time and frequency domain impulse loads 
 
To measure the propagation of surface waves away from an impulse source in the center 
of the soil box, an existing two-sensor array of geophones (typically used for LWD testing) was 
employed. By spacing the array at varying distances away from the source (Figure 4.14) and 
applying repeated impulses, a multi-channel record of the surface waves can be constructed. 
Surface wave propagation data presented herein was taken in the soil box filled with 66.5 cm of 
compacted gravel overlaid by 19 cm of compacted sand.  
 
Figure 4.14 Schematic of two-sensor geophone array for reflection study 
 
The raw deflection data from the Zorn drop mass loading is presented in Figure 4.15a. 
The records at each radial distance from the source were then averaged together to aid in analysis 
(Figure 4.15b). The records in Figure 4.15b clearly show the initial deflection of the soil due to 
the impulse loading being propagated outward from the source (peaks in each record identified 




due to geometric spreading of the wave and damping/transmission losses in the soil. This 
geometric spreading of the wave results in attenuation that is inversely proportional to the square 
of the distance from the source. Figure 4.15b also demonstrates a second peak deflection 
occurring 10-20 ms after the first peak deflection. This is a result of the surface wave reflecting 
off the soil box boundary and propagating back to the load source. The magnitude of the second 
peak deflection is less than the initial for each radial offset. This is to be expected when taking 
into consideration radiation damping and the impedance mismatch between the soil and the 
timber walls. In addition, there is a distinguishable periodic oscillation (~18 Hz) after initial 
loading. The soil box is built on a raised concrete floor that, despite being some 18 inches thick, 
actually vibrates in response to the impulses applied to the soil in the box. The 18 Hz periodic 
oscillation is a mode of vibration for the soil box raised on the raised concrete floor.  
 
 
Figure 4.15 (a) Raw displacement records for three test drops at each radial offset distance for Zorn LWD 
drop mass impact. (b) Averaged radial offset displacement records 
Figure 4.16a shows the raw deflection data from each geophone for a number of repeated 
impulses applied by the rubber mallet onto the Zorn LWD housing. The records at each radial 
offset are averaged and presented in Figure 4.16b for aid in analysis. As demonstrated from the 
drop mass loading case, the initial deflection of the soil due to the impulse loading being 
propagated outward from the source is apparent. The attenuation of the waves due to spreading is 
plotted for a Rayleigh wave velocity of 120 m/s, clearly lining up with the second peaks in 
displacement. As shown for the drop mass loading case, Figure 4.16b also illustrate a periodic 
oscillation (~75 Hz) for the rubber mallet loading as a result of the motion of the soil box on the 





response. The 75 Hz oscillations seen in Figure 4.17 are clearly visible as the largest frequency 
component, along with other significant components at 18, 47, and 118 Hz.  
 
 
Figure 4.16 (a) Raw displacement records for three test drops at each radial offset distance for Zorn LWD 
drop mass impact. (b) Averaged radial offset displacement records 
 
 
Figure 4.17 Frequency content of the averaged records at 60 cm radial offset for rubber mallet impact 
 
In addition to surface waves, body waves within the soil box could also bring reflected 
energy back to the sensors at the surface and influence the test results. In particular, 
compressional or P waves, the fastest type of body wave, could be reflected off the boundaries of 
the soil box and return to alter the readings from geophones or accelerometers being used to 
estimate the surface displacement from an LWD test, for example. To measure the propagation 
of P waves through the soil, an array of single-axis accelerometers were placed directly below 
the applied load (Figure 4.18). The measurement axes of the sensors were oriented vertically to 







Figure 4.18 Overview of sensors used to gather data on wave propagation in CSM Soil Box. 
 
The propagation of P waves from the source down through the soil to the bottom of the 
soil box can be clearly seen in the acceleration records from both the drop mass and the rubber 
mallet load cases (Figure 4.19  and Figure 4.21). Due to the low accelerations, the resulting 
velocities and displacements (shown in Figure 4.20  and Figure 4.22) are negligible by 
comparison. Unlike the surface wave records, the buried accelerometers do not give a clear 
indication of reflected waves returning to the surface from the box floor. Significant attenuation 
of the applied impulses occurs as the waves propagate downward from the source, resulting in 
negligible reflections at the surface. The bulk motion of the soil box is also visible in the 
acceleration records, most notably in Figure 4.22, validating that the floor motion is 
representative the motion of the entire soil box when applying impulse loads.  
 
 
Figure 4.19 (a) Acceleration records from Zorn LWD accelerometer and five buried accelerometers when 







Figure 4.20 (a) Full acceleration, velocity, and displacement records from Zorn LWD accelerometer and five 




Figure 4.21 (a) Acceleration records from Zorn LWD accelerometer and five buried accelerometers when 
load is applied to Zorn LWD base by a rubber mallet. (b) Close-up of initial accelerations 
 
 
Figure 4.22 Full acceleration, velocity, and displacement records from Zorn LWD accelerometer and five 







Results from the reflection study demonstrate that the primary reflections that could 
interfere with measured deflections during LWD testing occur from the reflection of surface 
waves off the side walls of the soil box. Buried accelerometers demonstrate that no significant 
reflections occur off the floor of the soil box. The bulk motion of the soil box system (box, soil, 
and LWD sensors) was demonstrated to be substantial. To correct for this so that displacements 
more accurately represent an infinite depth system, floor motions are subtracted from the test 
data. 
The rubber mallet impulse gave an approximate Rayleigh wave velocity of 120 m/s, 
based on the arrival time of the peak deflection. This gives a window of approximately 20 ms at 
the center and 15 and 10 ms, respectively, at 30 cm and 60 cm offsets in which to collect 
untainted test data. The Zorn drop mass impulses gave a slightly lower wave velocity (105 m/s), 
giving a longer time window to collect test data before reflections interfere. However, deflection 
pulses generated from drop mass loading occur over a longer time (~10-20 ms) compared to 
those generated from rubber mallet loading (~5 ms). As a result, the conventional LWD drop 
mass loading is concluded to result in tainted test data due to reflections, specifically at further 
radial offsets. While the primary deflection pulse at the load center occurs entirely before the 
arrival of reflected surface waves, deflection pulses at radial offsets 30 cm and 60 cm are 
interfered by reflected waves before the initial deflection pulse is complete. Initial deflection 
pulses generated from rubber mallet loading, however, are able to occur entirely before the 
arrival of interfering reflected waves.  
4.5 Testing Procedure 
Two separate testing procedures were conducted in the soil box to explore the response of 
the LWD plate and radial offset sensors for different test bed situations. The first test set 
involved LWD testing using a drop mass for the impulse load at the center of the box, with the 
two-geophone system 30 cm and 60 cm radially offset from the plate center, as shown in Figure 
4.11. The Z3 and P3 LWD devices were utilized for this test. Testing with the 20 cm diameter 
plate was determined not to be appropriate due to the relatively low stiffness of the soil box 
material compared to field situations where 20 cm plate testing is appropriate. Before taking 
measurements, three seating drops were performed to ensure that the soil stiffness under the 




were then collected from three consecutive test drops at the 0, 30 cm and 60 cm sensors for each 
radial sensor orientation. Data were collected from 8 orientations as illustrated in Figure 4.23. 
 
Figure 4.23 Testing schematic in soil box for drop mass testing 
 
The second test set consisted of LWD testing using the two-geophone system by applying 
an impulse load using the rubber mallet to the Z2 LWD plate. Starting with the radial offset 
geophones 20 cm and 50 cm from the load plate center, three consecutive measurements were 
taken after which the LWD plate was moved away from the geophones in 5 cm increments 
(Figure 4.24). An accumulation of surface deflections were measured at radial offset distances of 
20-80 cm. Soil response was elastic (evidenced by repeatability) and therefore, superposition is 
permissible. Data were collected from 8 testing configurations as illustrated in Figure 4.25. 
 








Figure 4.25 Testing schematic in soil box for rubber mallet testing 
 
The testing procedures were both conducted on sand and gravel halfspace as well as two-
layer sand-over-gravel and gravel-over-sand test beds. Four different top layer thicknesses (9.2, 
19, 28.5, and 38 cm) were tested for the two layer test beds. For the two-layer test beds, the top 
layer was constructed to the maximum thickness before testing. After testing for the respective 
layer was completed, 9.5 cm of the top layer was removed and testing was then conducted on the 
new, lower thickness, top layer. This testing schedule was conducted to ensure that conditions 
(i.e. stiffness) did not change between tests. It was of concern that if testing was conducted 
between the constructions of each lift, the additional compactive effort would change the 
stiffness of the underlying lift such that the previous measurements would no longer be valid.  
4.6 LWD Testing Results 
To begin the presentation of results, the deflection time histories from the drop mass 
testing on sand halfspace are illustrated in Figure 4.26. Reported deflection responses are for the 
last test drop at each orientation. Using the time delay that is takes for the wave to propagate to 
the floor, floor motions during testing were measured and subtracted from the velocities of the 
surface motion for corrected displacements. The reflections from the side walls of the box are 
clearly visible in the deflection time histories. This is more pronounced for radial offset 
deflections at 30 cm and 60 cm. The first reflective waves appear to arrive at approximately 20 
ms, or 12 ms after the start of the impulse load. This does not allow for enough time to capture 
the majority of the deflection pulse before reflective waves interfere. Unfortunately, the 




not provide useful information for analysis.  This is further demonstrated when comparing FE 
deflections on a halfspace (E = 27 MPa), as discussed in Chapter 3. For the density and Poisson’s 
ratio parameters in the FE model,   = 2002 kg/m3 and 1862 kg for gravel and sand, respectively, 
and v = 0.3 for both soils. While center deflections match reasonable well, radial offset 
deflections do not. In fact, peak magnitudes of radial offset deflections differ substantially, 
indicating that reflections affect the measured wr
max
.   
 
Figure 4.26 Experimental and numerical deflection results from LWD testing; (a) Z3 gravel, (b) P3 gravel, (c) 
Z3 sand, (d) P3 gravel 
 
The results of Figure 4.26 demonstrate a significant issue with reflections when 
conducting LWD testing in laboratory soil boxes. All previous studies involving LWD testing in 
a soil box have neglected to present the full deflection time histories, but rather only report peak 
values. While the soil box in this study was at least twice the size of soil bins used in other 






radial offsets. Consequently, until reflections can be prevented, LWD testing with radial sensors 
in a laboratory soil box will not yield results that reflect field conditions (i.e. infinite halfspace). 
Previous and future LWD studies in a laboratory soil box should present the full deflection time 
histories to validate/invalidate that responses are representative of field conditions and that 
reflections do not interfere with the primary deflection pulse, including wr
max
. Conclusions from 
studies that fail to present the deflection time histories should be read with caution and not 
assumed to convey what can be expected in field applications.  
4.7 Rubber Mallet Testing Results 
Based on the findings of the reflection study, it was determined that rubber mallet testing 
would produce better data for analysis. The higher frequency loading results in shorter deflection 
time history durations, occurring entirely before the arrival of reflected waves. To begin the 
presentation of results from the test set involving impulse loading generated from striking the 
LWD with a rubber mallet, Figure 4.27 illustrates the influence of the 8 orientations from which 
data was collected. Measured deflections are normalized by Fpk to compensate for slight 
variations in applied loading. The variation in applied loading is illustrated in Figure 4.27a. The 
peak applied force varies approximately 0.5 kN.  The normalized deflection histories presented 
for each orientation is the average of three consecutive drops at radial offsets 20 cm and 50 cm 
using the Z2 LWD plate while testing on the homogenous gravel test bed. Normalized deflection 
results demonstrate reasonable repeatability across the 8 orientations, indicating spatial 
homogeneity.   
 
 





To simplify the analysis, the three-drop average normalized deflection for all 8 
orientations are averaged to generate one representative normalized deflection history for each 
radial offset measurement point. Center deflection measurements demonstrated to be inconsistent 
and therefore are not reported. Normalized deflections from testing on gravel and sand halfspace 
test beds are presented in Figure 4.28. A number of characteristics can be observed from Figure 
4.28. The deflection pulse begins with an initial expansion or “blip” believed to be due to the 
nature of wave propagation. However, this behavior is not typical of field testing with the LWD 
using the drop mass for loading; the higher frequency content of the impulse load generated from 
the rubber mallet is believed to contribute to the initial “blip” preceding the primary deflection. 
The shape and nature of the deflection pulse appears to change at a distinct radial offset distance. 
For example, w20 through w40 all exhibit similar wave forms when testing on the gravel halfspace 
(Figure 4.28a). w45 through w60 also exhibit similar deflection behaviors, but are distinctively 
different from w20 through w40. This observation is even more pronounced for testing on sand 
halfspace (Figure 4.28b). w20 through w35 demonstrate similar deflection behavior while w40 
through w60 are substantially different. The discrepancies are believed to be contributed by 
reflections, which appear to arrive at t = 10 ms (8 ms after start of impulse loading). The 
reflections appear to be more significant for sand halfspace testing and affect both the magnitude 
and the arrival time of the peak deflection.  
 
Figure 4.28 Average wr/Fpk of 8 orientations for (a) gravel halfspace and (b) sand halfspace 
 
Normalized deflections decrease with increasing radial offset, as expected. Plotting wr
max
 





homogenous test beds result in distinctively different normalized deflection bowls, including 
their magnitudes and the curvature of the bowl. The differences in magnitudes reflect the 
contrast in material stiffness (e.g. stiff vs. soft). The sand (i.e. soft material) exhibits a sharper 
curvature of the deflection bowl while the gravel (i.e. stiff material) demonstrates a more linear 
shape compared to the sand.  
 
Figure 4.29 Deflection bowls for gravel halfspace and sand halfspace from averages of 8 orientations 
 
The measured deflection bowls from the two-layer soft-over-stiff test bed are presented in 
Figure 4.30a (See APPENDIX A for full deflection time histories). For the soft-over-stiff case, a 
substantial difference in the deflection bowl is demonstrated when testing on sand layers above 
the gravel compared to testing on gravel halfspace. With a 9.5 cm sand layer overlying the 
gravel, both the magnitude and curvature of the deflection bowl increase. From h1 = 9.5 to h1 = 
19.0 cm, the magnitudes and curvature of the deflection bowl continue to increase; although, 
their difference is minimal compared to gravel halfspace vs. 9.5 cm sand-over-gravel. For top 
sand layer thicknesses 19.0 – 38.0 cm, measured normalized deflection bowls are essentially the 
same. This sheds light on the influence depth of the testing and suggests that for h1 > 19.0 cm, no 
measureable difference can be detected. To further illustrate, Figure 4.30b presents wr
max
 vs. h1. 
While w20 and w25 increase with increasing h, w30 through w60 generally do not exhibit any 
change in magnitude for h > 19.0 cm. This suggests that deflections at these radial offsets are 
independent of the thickness of the top layer and thus, are measuring deflections that occur 





Figure 4.30 (a) wr
max
/Fpk vs. r and (b) wr
max
/Fpk vs. h1 for soft-over-stiff test beds 
 
For the stiff-over-soft case, the normalized measured deflection bowls are presented in 
Figure 4.31a (see APPENDIX A for full deflection time histories). As demonstrated for the soft-
over-stiff test beds, a substantial difference in the deflection bowl is demonstrated when testing 
on gravel layers above the sand compared to the sand halfspace. From sand halfspace to 9.5 cm 
gravel-over-sand, both the magnitude and curvature of the deflection bowl decrease, opposite of 
the soft-over-stiff case. From h1 = 9.5 cm to h1 = 19.0 cm, the magnitudes and curvature of the 
deflection bowl continue to decrease, but less than compared to sand halfspace vs. 9.5 cm gravel-
over-sand. Again, for top gravel layer thicknesses 19.0-38.0 cm, measured normalized 
deflections bowls are essentially the same. wr
max
 vs h1 is presented in Figure 4.31b. From 
homogenous sand to h1 = 9.5 cm, all radial offsets exhibit a decreasing normalized wr
max
. While 
w20 consistently decreases for increasing h, w25 through w60 generally do not exhibit any change 
in magnitude for h > 19 cm, as demonstrated for the soft-over-stiff case. Again, this suggests that 
deflections at these radial offsets are independnent of the thickness of the top layer and thus, are 
measuring deflections that occur entirely in the underlying layer.  
  
Figure 4.31 (a) wr
max
/Fpk vs. r and (b) wr
max






4.8 FE Analysis 
To validate the deflection response demonstrated from the rubber mallet loading results, 
numerical results from FE analysis are compared to the experimental results. The soil region was 
modeled as a halfspace, or two-layer system, as discussed in Chapter 3. Fixed boundary 
conditions were used to represent the soil box boundaries. For the model parameters, densities of 
2000 kg/m
3
 and 1680 kg/m
3
 were used for the gravel and soil, respectively, and Possion’s ratio 
for both soils was assumed to be 0.35. The best-fit numerical results found the Young’s modulus 
values of the two soils to be Egravel = 52 MPa and Esand = 27 MPa. These moduli agree reasonably 
well with the estimated modulus from the shear wave velocity and density (Equation (4.1)).  
 
   √
 
 
       (4.1) 
 
Assuming the surface wave velocity is the shear wave velocity, Equation (4.1) estimates a 
modulus of 47 MPa for the gravel material. For the sand, however, Equation (4.1) estimates a 
higher modulus (35 MPa) than what was determined the best fit for the FE.  
Analysis was performed in the frequency domain in order to account for material 
damping to better match experimental results. A damping ratio of 10% for both soils was found 
to yield the best-fit results for matching wr
max
. Experimental and FE normalized deflection time 
histories for gravel and sand halfspace test beds are presented in Figure 4.32. For the 
homogenous gravel results, a reasonable match is demonstrated for deflections at r = 20-35 cm, 
specifically in regards to peak magnitudes and arrival times. However, the FE model fails to 
duplicate the initial blip where the soil surface rises against its own weight as demonstrated by 
measured results. Furthermore, the duration of the FE deflections is shorter than experimental. 
For deflections at r = 40-60 cm, experimental deflections differ considerable from FE 
deflections, due to the reflecting waves in experimental results the FE model does not replicate. 
Efforts to duplicate the reflections in the FE were unsuccessful. For the sand halfspace results, a 
reasonable agreement is demonstrated between experimental and FE normalized deflections at r 
= 20 and 25 cm. For r >25 cm, however, their alignment falls apart. Again, this is due to the 












The experimental and FE deflections for the two-layer test beds at r = 20 cm are 
presented in Figure 4.33 (see APPENDIX A for all other radial offsets). For the soft-over-stiff 
test beds, a reasonable agreement is demonstrated, specifically with respect to peak magnitudes 
and arrival times. For the stiff-over-soft test beds, while the magnitudes of the peak normalized 
deflections from FE analysis are similar to experimental, their peak arrivals times differ. While 
experimental results do not reveal a consistent trend between arrival times and h1, numerical 
results demonstrate earlier arrival times with increasing top layer stiffness. The discrepancies in 
arrival times are likely due to the non-continuum nature of the gravel material, specifically at the 
surface; the FE model assumes a continuous medium). Therefore the speeds of the surface waves 
from experimental testing are likely influenced by the loose gravel particles at the surface of the 
layer, resulting in inconsistent arrival times from numerical analysis with experimental data.  
 
Figure 4.33 Experimental vs. numerical w20/Fpk for (a) soft-over-stiff and (b) stiff-over-soft test beds 
 
 
The gravel and sand halfspace test bed deflection bowls from numerical results are 
plotted with experimental results in Figure 4.34. The deflection bowls are in good agreement 
with one another, specifically at r   30 cm. At further radial offsets, numerical and experimental 
results begin to deviate from each other. This illustrates that peak deflections from the soil box 






Figure 4.34 Experimental vs. numerical normalized deflection bowls for halfspace gravel and sand 
 
Deflection bowls for the two-layer systems are presented in Figure 4.35. In general 
experimental and numerical deflection bowls are in agreement for all test beds. However, as the 
radial offset distance increases, experimental and numerical peak normalized deflections differ. 
In general, experimental normalized deflections are less the numerical. As demonstrated in the 
experimental results, the curvature of the deflection bowls from FE increases as h1 increases for 
the soft-over-stiff test beds and decreases for the stiff-over-soft test beds.  
 
Figure 4.35 Experimental vs. numerical deflection bowls for (a) soft-over-stiff and (b) stiff-over-soft test beds 
 
Figure 4.36 illustrates the relationship between wr
max
 and h1 for numerical and 
experimental results. As discussed for the experimental results, for soft-over-stiff test beds w20 





for h> 19.0 cm. This further validates that deflections at these radial offset are independent of the 
thickness of the surface layer and thus, are measuring deflections that occur entirely in the 
underlying layer. Peak normalized deflections at all radial offsets exhibit an increase in 
magnitude from gravel halfspace to h1 = 19.0 cm. This is contributed by the different stress 
conditions of the halfspace vs. thin layer systems. For h1 > 19.0 cm, however, the stress 
conditions do not change significantly with increasing h1, as suggested by the similarities in 
normalized peak deflections. For the stiff-over-soft test beds, from sand halfspace to h1 = 9.5 cm, 
all radial offsets exhibit decreasing normalized wr
max
 in the numerical results similar to 
experimental results. While w20 consistently decreases for increasing h1, w25 through w60 
generally do not exhibit and change in magnitude for h > 19.0 cm. This further validates that 
deflections at these radial offset are independent of the layer thickness of the surface layer as 




/Fpk vs. h1 for (a) soft-over-stiff and (b) stiff-over-soft test beds 
 
4.9 Peak Arrival Times 
To explore the behavior of peak arrival times, Figure 4.37 illustrates the best-fit linear 
trend line for experimental tpk vs. r. From the slope of the trend line, the Rayleigh surface 
velocity (VR) is approximated. Arrival times for radial offset measurements that demonstrated 
significant reflection behavior were omitted. These velocities and the velocities derived from 
numerical results are summarized in Table 4.3. A number of discrepancies exist between 





expected that numerical results would yield different surface wave velocities than experimental. 
This is specifically the case for the dry cohesionless materials used in the soil box, which were 
highly granular, and therefore the soil grains are non-continuous at the near surface. 
Experimental results do not demonstrate a consistent trend in VR vs. h1. This is determined to be 
a consequence of variable compaction and density at the very near surface (0.5 cm) for the 
different test beds. When working with granular, cohesionless materials, it is difficult to control 
near surface compaction.  
 
Figure 4.37 tpk vs. r for (a) soft-over-stiff and (b) stiff-over-soft test beds 
 
Table 4.3 Summary of experimental vs. FE VR 
  
Experimental FE 











Homog. Gravel - 154 0.99 148 0.99 
Homog. Sand - 145 0.97 85 0.99 
Soft-Over-Stiff 
9.5 114 0.98 108 0.99 
19.0 125 0.99 97 0.99 
28.5 97 0.98 89 0.99 
38.0 107 0.98 87 0.99 
Stiff-Over-Soft 
9.5 104 0.96 98 0.99 
19.0 76 0.99 110 0.99 
28.5 122 0.94 151 0.99 
38.0 156 0.99 150 0.99 
 
Numerical results reveal interesting trends in VR that could provide useful insight for 





over-stiff test beds and increase with increasing h1 for stiff-over-soft test beds. This indicates that 
VR is not only a function of the Young’s modulus, but also the surface layer thickness. Further 
testing and numerical studies are needed to explore the relationships between VR from LWD 
testing with layer thickness and moduli.  
4.10 Conclusions 
Results from soil box tests reveal several important observations and conclusions: 
 The first and most significant observation is that when performing LWD testing in a soil 
box, reflections pose to be substantial and considerably influence the results. 
Consequently, LWD deflections are not representative of field conditions. Future studies 
involving LWD testing in laboratory soil bins should demonstrate that reflections do not 
effect measured deflections when presenting results.  
 Rubber mallet testing revealed the capability to produce measureable deflection bowls 
that are characteristic to the layered system and was validated by numerical results. While 
reflections influenced deflection measurements further radial offset distances, the results 
show promise for an alternative and even more portable method for utilizing the LWD 
device to characterize layered systems.  
 Radial offset deflection results demonstrate the capability of radial offset sensors to 
measure deflections occurring entirely in the underlying layer. This is specifically the 
case for radial offset measurements further away from the load source. The existence of 
even a thin layer (e.g. h1 = 9.5 cm) demonstrates to significantly change the deflection 
bowl. This illustrates the fact that measured deflection bowl are dependent on both the 
surface layer thickness and the layer moduli of a two-layer system. These observations 
were validated through the numerical investigation. 
 Peak arrival times from experimental data did not reveal a significant or discernible trend. 
Numerical results, conversely, demonstrate that there may be a relationship between VR 
and layer thickness and moduli. Further research is needed to determine if peak arrival 
times can provide useful information that could expedite the assessment of measured 






CHAPTER 5 – FIELD STUDIES  
5.1 Overview 
 In order to assess the applicability and feasibility of LWD testing for QC/QA of 
stabilized pavement foundations, LWD testing with radial offset sensors was conducted at seven 
field sites: five full depth reclamation sites with stabilizing additives and two lime stabilized 
sites. Testing was performed on multiple cure days using the Prima LWD to monitor the stiffness 
gain of the stabilized layers. LWD data for the FDR sites was collected and provided by FHWA 
Central Federal Lands (CFL).  
5.2 Site Descriptions 
Full depth reclamation (FDR) was performed on five sites using three different stabilizing 
additives: two emulsion (Badlands and Carlsbad), two 5% cement mixing (Noxubee and Prince 
William) and one foamed asphalt (Mesa Verde). Table 5.1 and Figure 5.1 present the 
geotechnical data and before/after pavement profiles for each of the test sites. At Badlands, FDR 
was performed to a depth of 150-175 mm using an emulsion additive. The pre-existing pavement 
thickness was 90 mm overlying a 300 mm poorly graded sand with silt and clay base. The 
underlying subgrade was determined to be sandy lean to fat clay fill (A-7-6). Carlsbad borings 
drilled approximately every ¼ mile revealed an existing pavement profile including a 50-100 
mm asphalt layer overlying a 75-150 mm thick limestone gravel base course layer. Borings also 
reveal the presence of a shallow (30-150 cm) bedrock layer underlying the limestone base. At 
Carlsbad, FDR was performed to a depth of 200 mm  using an emulsion additive. At Mesa 
Verde, a foamed asphalt technique was used for FDR to a depth of 150 mm. The existing asphalt 
thickness was 130 cm and overlaid a sandy gravel with silt and clay (A-4) base course of 
discernible thickness. Noxubee FDR was performed using a 5% cement additive to a depth of 
200 mm. Borings revealed a 25-130 mm  existing gravel/pavement surface overlying a clayey 
sand subgrade (A-4). The subgrade extends to the end of the 150 cm bore hole. For Prince 
William, borings revealed an existing pavement thickness of 90 mm overlying a 120 mm 
aggregate base. The subgrade is a sandy lean to fat clay (A-7-6) and extends to the full depth of 





Table 5.1 Geotechnical information for the FDR test sites 
Project Badlands Carlsbad 
Prince 
William 
Mesa Verde Noxubee 










90 50-100  90  100-150  25-75  
Existing base  
Poorly graded 




Aggregate NA NA 
Existing base 
Thickness (mm) 
300  75-150  120  NA NA 
Subgrade 
Sand lean to fat 




Med. stiff to 
stiff clay      
(A-7-5) 
Sandy gravel 






22% NA 22% 5% 17% 
Subgrade LL 70 NA 61 26 26 
Subgrade PI 53 NP 27 7 13 
 
 





For the lime stabilized test sites (Truth 1 & 2), the geotechnical data is presented in Table 
5.2. Quick lime (QL) mixed and compacted with the natural clay material (A-7-6) to construct a 
pavement foundation layer for a new road for a subdivision. Stabilizers were added to the soil in 
two mixings: 2.5% QL mixed with the soil, then 48 hour mellow followed by an additional 2.5% 
or 3% QL mixed with the soil with an additional 48 hour mellow before compaction. 3% dry 
cement was added the day of compaction prior to remixing for Truth 2.  
Table 5.2 Geotechnical information for the lime stabilized sites 
























5.3 Testing procedure 
Table 5.3 summarizes the testing procedure at each of the test sites. LWD testing was 
conducted with a Prima 100 LWD device. Per ASTM E2835-11 the testing at each location 
involved three settling drops followed by three test drops.  Best efforts were made to seat the 
LWD load plates in accordance with the standard. At the FDR sites, a 200 mm diameter plate 
was used. At Truth, a 300 mm diameter plate was used. For the drop mass, a 10 kg mass was 
used at Badlands, Noxubee and Truth sites while a 15 kg drop mass was used at Carlsbad, Mesa 
Verde and Prince William. A drop height of 1 m was used at all of the sites. LWD testing was 
performed on multiple days at each site. At Badlands, testing was performed 1, 2 and 3 days after 
FDR and compaction of the stabilized material, hereafter referred to as cure days 1, 2 and 3. 
Carlsbad testing was performed on cure days 1 and 2, Mesa Verde and Noxubee on cure days 1 
and 3, and Prince William on cure days 1, 3 and 7. Truth 1 testing was performed on cure days 2, 





Testing at the FDR sites were performed on the outside wheel path (herein referred to as 
O), the inside (I) wheel path, and along a center longitudinal line (C) centered between the O and 
I wheel paths. At Truth, testing was performed on the O and I wheel paths only. The area of each 
test section and number of test points varies site to site. 63 LWD tests (21 for each line) over a 
span of 500’ were conducted at Badlands, Carlsbad, and Prince William. However, at Carlsbad 
not all locations tested on day 2 were tested on day 1. Data was collected for 9 locations over a 
50’ span at Mesa Verde and Noxubee. At Truth 1, data was collected for 8 locations over a 100’ 
span and at Truth 2, 22 locations were tested over a 500’ span. FWD testing was performed on 
the final day of LWD testing at Badlands, Carlsbad, and Mesa Verde. FWD testing was 
performed after LWD testing. Location by location moisture and density data were provided for 
Badlands. The testing schematic for the five sites, including which tests were performed at which 
locations, is illustrated in Figure 5.2 and Figure 5.3.  
Table 5.3 Testing procedures 













200  200  200  200  200  300 300 
Drop Mass 
(kg) 
10  15  15  15  10  10 10 
Drop Height 
(m) 



















63 63 63 9 9 8 22 
Test Spacing 
(ft) 
25  25  25  25  25  25 50 
Length of 
Test Area (ft) 
500  500  500  50  50  100 500 




































5.4 Badlands LWD Deflection 
To explain the general LWD response observed, a typical applied force and resulting 
velocity and displacement time histories from one Badlands LWD test location (14-C) are shown 
in Figure 5.4. The results are presented for cure days 1, 2 and 3, i.e., 1, 2, and 3 days after final 
compaction of the emulsified and FDR AC course (final compaction on day 0). The observed 
responses are typical of Prima 100 LWD test results. The input force is applied over 
approximately 17 ms and the peak force approaches 10 kN. The geophone-measured ground 
velocities at radial offsets r = 0, 30 and 60 cm from the plate center exhibit a downward peak, 
referred to as the “impact” velocity followed by an upward peak, referred to as the “rebound” 
velocity. The deflections at radial offsets, determined via numerical integration of velocity data, 
exhibit a half-sinusoid response with a characteristic peak deflections magnitude and a time to 
peak deflection.  
 
Figure 5.4 Typical applied force, (a) ground velocity and (b) ground displacement LWD response over 3 days 





The r = 0 velocity response is characterized by an impact velocity v0 that exceeds the 
rebound velocity v′0 in magnitude. The magnitudes of v0 and v′0 decrease noticeable over the 
three days of testing, as does the ratio v0/v′0. This is in response to an increase in stiffness of the 
stabilized layer. The velocity response at radial offset r = 30 cm exhibits similar behavior to that 
at r = 0 cm with magnitudes of v30 and v′30 decreasing over the three days of testing. The 
magnitude of v30/v′30 is closer to unity than v0/v′0. The velocity response v60 exhibits similar 
behavior over the three days of testing, indicating that the response at r = 60 cm is not influenced 
by the top 15-20 cm of stabilized base material. v60 provides a measure of the response of the 
underlying subgrade only.  
The displacement time histories follow from the velocity responses, supporting the notion 
that w0 is influenced by curing, w30 is slightly influenced by curing and w60 is not influenced by 
curing. One can also observe the influence of top layer curing in the time to peak displacement 
and more noticeable the time to impact velocity. Figure 5.4 illustrates that the applied force is 
similar from day 1 to day 3, and therefore, is not influenced by the magnitude of stiffness change 
in the stabilized layer. 
Peak LWD deflections (average of 3 drops) observed over 3 days of testing at Badlands 
are presented in Figure 5.5 and summarized in Table 5.4. The magnitude of peak deflections, 
termed w0, w30, and w60, are illustrated both via color scale and bubble size. Figure 5.5 also 
shows the fitted Gaussian probability distribution functions for peak deflections together with 
their mean (  ̅ ) and coefficient of variation (cv). These distributions are provided for O, C and I 
specifically because their response are quite different.  
Figure 5.5 and Table 5.4 illustrate a number of important results. The measured peak 
deflections varied considerably over the 500 ft long test section. w0, w30 and w60 at the right end 
of the test section are considerably lower than elsewhere. w60 reflects the underlying subgrade 
while w0 reflects a composite response of the stabilized base and subgrade. The low values of w30 
and w60 indicate a stiff subgrade zone. The w0, w30 and w60 data 250-325 ft reveal a seam of 
softer subgrade. Peak deflections were considerably greater in the outside wheel path than the 
inside wheel path and center of lane. This is most pronounced in w0 results (30% greater) but 
also somewhat evident in w30 (10% greater) and w60 (5% greater). The subtle difference in w60 
between O and I/C locations as compared to the more pronounced difference in w0 suggests that 


















Fpk w0 w30 w60 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(kN) (%) (µm) (%) (µm) (%) (µm) (%)  
Day 
1 
IWP 9.7 2 271 22 93 22 44 19 
C 9.6 1 258 25 93 26 43 18 
OWP 9.6 1 368 29 111 21 49 13 
ALL 9.6 2 299 31 99 24 45 17 
Day 
2 
IWP 9.7 1 243 26 89 23 43 18 
C 9.7 1 232 21 91 23 44 16 
OWP 9.5 1 331 29 109 22 48 13 
ALL 9.7 1 269 31 96 24 45 16 
Day 
3 
IWP 9.9 1 212 19 86 21 44 18 
C 9.8 1 205 19 86 23 44 16 
OWP 9.7 1 271 33 98 19 46 11 
ALL 9.7 1 229 30 90 22 45 15 
 
w0 values decreased 25% on average from day 1 to day 3, indicating an increase in 
stiffness during curing of the stabilized base layer. w60 values remain essentially constant. This 
confirms that w60 is not dependent at all on the stabilized layer, but rather, is entirely indicative 
of the underlying subgrade that is not expected to change over the cure days. w30 values 
decreased approximately 10% from day 1 to day 3, suggesting this deflection value is influenced 
by both the subgrade and the stabilized base layer.  
The cv for this LWD test set (63 locations) was approximately 30% for w0, 24% for w30 
and 16% for w60. These cv values did not change with cure day. Higher cv is expected for w0 than 
w60 because w0 reflects the composite structure while w60 reflects only the subgrade.  
It is worth noting that LWD deflections are influenced by the applied force, and some 
research has indicated that Fpk is a function of underlying ground stiffness. For Badlands testing, 
Fpk values were found to be very consistent spatially and with cure day (see Table 5.4). Further, 
peak velocity data exhibited similar behavior to deflection. Applied force, impact velocity and 
rebound velocity data are presented in Appendix B. 
5.5 Badlands LWD Modulus 
The traditionally determined LWD elastic modulus ELWD at Badlands, based on w0 and 
Fpk per Equation (1.1), is presented in Figure 5.6a for each cure day. The percent increase in 
ELWD is also shown and the results are summarized in Table 5.5. These results convey the same 




The day 3 composite stiffness varies considerably, e.g., ELWD values at the right end of the test 
site exceed 400 MPa while ELWD in the outside wheel path dip below 100 MPa. The overall cv is 
approximately 33%. There is greater variation in the outside wheel path (cv > 40%) than 
elsewhere (cv = 25%).   
The percent increases in ELWD in Figure 5.6b demonstrate that generally the modulus at 
each test location increases with each cure day; however, the rate of modulus gain varies 
tremendously. Further, there are several examples where either no stiffness gain or a loss in 
stiffness was measured (red bubbles in Figure 5.6b). 8 of 63 test locations exhibited negative or 
zero gain from day 1 to day 2, while 10 of 63 test locations exhibited negative or zero gain from 
day 2 to day 3. The locations where these observations occur are not the same day to day. It is 
also evident that the rate of stiffness gain for each cure day is not consistent throughout the test 
section. The rate of growth varies from negative to over 50%. The ELWD results suggest there is 
significant variation in the rate of stiffness gain.  
 






Table 5.5 Summary of Badlands ELWD 
Path 







(MPa) (%) (MPa) (%) (MPa) (%) 
IWP 220 25 247 27 281 20 
C 231 28 253 21 294 26 
OWP 168 42 190 46 236 43 
ALL 206 33 230 33 268 29 
 
 
ELWD is a composite modulus that reflects the combined stiffness of the stabilized layer 
and the underlying subgrade. To isolate the elastic modulus of the stabilized base layer (E1-LWD) 
and subgrade (E2-LWD), layer-elastic backcalculation was performed using the AGDPS procedure 
(Equations (3.2) and (3.4)). For the subgrade modulus, w60 deflections were used to compute E2-
LWD. These layer moduli are presented in Figure 5.7 and summarized in Table 5.6.  
Upon inspection, the E1-LWD values are less correlated to the underlying E2-LWD than are 
the ELWD data to E2-LWD. For example, Figure 5.7b clearly shows soft subgrade from 250-325 ft. 
This soft zone is reflected in the ELWD values (Figure 5.6a) but not in the E1-LWD data. E1-LWD 
values are 45-90% greater than ELWD. The increase in E1-LWD with curing is much greater than 
ELWD, i.e., 70% increase vs. 31% increase from day 1 to day 3. These findings are to be expected 
because the magnitude of ELWD is influenced by the softer subgrade and the increase in ELWD is 
dampened by the unchanging subgrade modulus. Backcalculated E2-LWD values range from 50-
120 MPa and remain essentially constant day to day. This provides verification that w60 is 
measuring only the subgrade stiffness.  
The results from LWDmod Odemark-Boussinesq backcalculation using Equations (3.5)-
(3.8) were deemed to be inaccurate because the estimated subgrade modulus increased from day 
1 to day 3. This is an error given that the w60 values remained constant. Unfortunately, the 
subgrade modulus cannot be constrained in the software algorithm. The results are presented in 
Appendix C for completeness. This was also the case for the RoadBC results. While the modulus 
of layer two could be constrained in RoadBC, results would yield unacceptable root mean square 







Figure 5.7 Spatial characterization and distribution for Badlands (a) E1-LWD and (b) E2-LWD 
Table 5.6 Backcalculated layer moduli (AGDPS) from Badlands LWD tests 
Path 
Day 1 Day 2 Day 3 













(MPa) (%) (MPa) (%)  (MPa) (%) (MPa) (%)  (MPa) (%) (MPa) (%)  
IWP 319 43 91 17 401 49 92 17 512 34 92 16 
C 348 50 92 23 418 33 90 16 585 51 90 15 
OWP 225 93 79 13 297 98 81 13 443 88 84 13 
ALL 297 61 87 20 372 60 87 16 513 59 89 15 
 
As Figure 5.8 and Figure 5.9 illustrate, E1-LWD is always greater than ELWD because ELWD is 
a composite modulus influenced by both the subgrade and stabilized base layer. Figure 5.8c 
shows that E2-LWD changes very little with curing day. Isolating the layer moduli provides 
additional insight that ELWD does not. For example, it is evident in the Badlands data that 
compaction of the stabilized base (and the resulting stiffness) is dependent on the stiffness of the 
subgrade. For example, higher E1-LWD exists at the end of the test section (400-500 ft) where E2-







Figure 5.8 Badlands (a) ELWD, (b) E1-LWD and (c) E2-LWD for each cure day 
 
 










From the distribution plots in Figure 5.10, it is evident that E2-LWD exhibits significantly 
lower variation (15-20%) than ELWD and E1-LWD. E1-LWD exhibits the highest variation (60%). This 
variation is an aggregation of variability in ELWD, E2-LWD, top layer thickness and the 
backcalculation methodology. 
 
Figure 5.10 Badlands ELWD, E1-LWD and E2-LWD distribution 
 
As the stabilized base layer increases in stiffness, it is expected that E1-LWD/E2-LWD will 
increase because the subgrade stiffness theoretically should not change. For the Badlands data, 
Figure 5.11demonstrates that this is indeed the case. From day 1 to day 3, the average E1-LWD/E2-
LWD increases 65%. Figure 5.11 also shows that it is more difficult to establish a base layer 
modulus when compacting atop soft subgrade soil. For example, the O tests exhibit much lower 
E1-LWD/E2-LWD values after day 1 than do the C and I test locations. Figure 5.11 also illustrates the 
spatial variation in E1-LWD/E2-LWD and that the regions of lower/higher ratios are consistent day to 
day. 
 




5.6 Badlands LWD vs. FWD Comparison  
FWD testing was performed on day 3 after final LWD testing at a number of O and C test 
locations (see Figure 5.2). A number of different moduli can be extracted from the FWD data: 
 EFWD = FWD composite modulus of all layers (same Equation (1.1) as ELWD) 
 EP-FWD = Effective modulus of layer 1 for FWD (per AGDPS) 
 E2-FWD = Subgrade resilient modulus for FWD (per AGDPS; also referred to as MR) 
 E1-FWD = Backcalculated layer 1 elastic modulus from FWD (per MODTAG 
software) 
Modulus estimates of layers below layer one from the MODTAG analysis are not 
included in the results. It is emphasized that the primary objective of using MODTAG was to 
estimate the stiffness of the top stabilized base layer and moduli estimates of the subgrade layers 
are not necessarily accurate. This is reflected in the MODTAG results where the second 
subgrade layer (layer 3) was estimated to be stiffer than the first subgrade layer (layer 2) by as 
much a two times in many cases. 
A comparison of the composite ELWD vs. EFWD as well as ELWD vs. EP-FWD are shown in 
Figure 5.12. ELWD and EFWD exhibit a strong linear correlation, with ELWD = 1.8 EFWD. This is a 
significantly higher ratio from published correlations that showed an ELWD/EFWD ratio closer to 
one (see Table 2.1) and can be attributed to nonlinear subgrade response and the difference in 
plate diameter (20 cm for LWD and 30 cm for the FWD). Because depth of influence is 
proportional to plate diameter, EFWD captures a relatively greater portion of the underlying and 
softer subgrade than does ELWD. In addition, the relatively soft subgrade likely exhibits lower 
stiffness at the higher FWD loading than at the lower LWD loading. 
ELWD and EP-FWD correlate less well and their magnitudes are relatively similar, with ELWD 
slightly less than EP-FWD. This is to be expected because EP-FWD is an estimated modulus of the 
top layer and not a composite modulus. Comparison between ELWD and EP-FWD is presented here 
to demonstrate that ELWD is a composite modulus and will be less than the modulus of the top 
layer. The composite modulus EFWD results are summarized in Table 5.7. In addition, a 
comparison of E1-LWD with EP-FWD and E1-FWD are presented in Figure 5.13. These values 








Figure 5.12 Comparison of Badlands (a) ELWD with EFWD and (b) ELWD with EP-FWD 
 





 ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%) 
Day 
3 
IWP 281 20 NA NA 
C 294 26 151 24 
OWP 236 43 124 35 











The backcalculated subgrade moduli E2-LWD and E2-FWD are compared in Figure 5.14a. 
Recall E2-LWD was calculated using w60. These data exhibit a strong linear correlation (R
2
 = 0.85). 
LWD and FWD normalized deflections at radial offsets 30 cm and 60 cm (12 in and 24 in) are 
compared in Figure 5.14b. To compare deflections from LWD testing with FWD, deflections are 
“normalized” by Fpk. Since Fpk exhibits some variation spatially for both tests, it was determined 
appropriate to normalize deflections so that more direct correlations can be made between 
measured deflections, independent of the varying Fpk.  
Figure 5.14b reveals a strong linear relationship between radial offset deflections for 
LWD and FWD (R
2
 = 0.95 and 0.87 for r = 30 cm and 60 cm, respectively), suggesting that the 
LWD with radial offset sensors can provide similar information about subgrade stiffness to the 
FWD. Normalized LWD deflections are less than FWD deflections; accordingly, backcalculated 
subgrade modulus from LWD tests are greater than those from FWD data. This is likely a result 
of nonlinear subgrade behavior wherein the soil exhibits higher modulus at lower stress levels. 
Recall that the FWD average contact stress at Badlands was 640 kPa (93 psi) compared to 320 
kPa (46 psi) from the LWD.  
 
 
Figure 5.14 (a) E2-LWD vs. E2-FWD and (b) normalized peak deflections at r = 30 cm and 60 cm from LWD and 







It is worth noting that the cv values for LWD and FWD deflections were similar, i.e., cv 
for w′0 and d′0 were 33% and 30% respectively, while cv for w′30 and d′30 were 23% and 26% 
respectively and w′60 and d′60 were 14% and 16%. cv values for backcalculated moduli were 59% 
and 36% for E1-LWD and E1-FWD respectively; 15% and 23% for E2-LWD and E2-FWD. For composite 
moduli, cv from LWD testing is slightly higher than from FWD testing. For backcalculated layer 
moduli, cv from LWD results is higher than FWD for the stabilized base layer but lower for the 
subgrade. The backcalculated layer moduli results are summarized in Table 5.8. 
 




E1-LWD EP-FWD E1-FWD E2-LWD E2-FWD 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)  (MPa) (%)  
Day 
3 
IWP 512 34 NA NA NA NA 92 16 NA NA 
C 585 51 327 22 467 21 90 15 56 23 
OWP 443 88 305 47 414 48 84 13 51 23 
ALL 513 59 316 35 444 35 89 15 53 23 
 
5.7 Badlands LWD Relationship with Moisture and Dry Density   
Moisture (w) and dry density (  ) testing was performed at a number of O and C test 
locations as summarized in Table 5.9. Both backscatter and direct transmission (probe depth = 2 
inch) were used. Standard Proctor results indicate an optimum moisture content of 6-7% and 
maximum dry density of 140 pcf. Construction specifications called for compaction to 90% of 
the standard Proctor maximum dry density, i.e., 126 pcf. Construction specifications for moisture 
were not provided. Moisture vs. dry density results from backscatter and direct transmission 
results are illustrated in Figure 5.15. Two inch direct dry density measurements were discernibly 
greater than backscatter results that typically measure to a depth of 4-5 inches. According to 
these data, only one of the backscatter measured dry densities met the acceptance criteria. Over 





Table 5.9 Density and Moisture data for Badlands (acceptance = 126 pcf) 
   





1        
(day 1) 




9        
(day 1) 
9        
(day 2) 
13        
 (day 2) 
17       
(day 2) 




    
(pcf) 
122 123 120 123 118 113 116 126 
w  
(%) 
6.6 7.4 9.2 8.1 8.8 8.5 7.0 7.0 
2” Direct 
Transmission 
   
(pcf) 
123 126 127 128 128 127 128 127 
w  
(%) 
7.9 6.7 7.5 8.4 7.8 8.0 6.5 7.2 
O 
Backscatter 
   
(pcf) 
115 114 112 111 - - - - 
w 
 (%) 
8.0 7.9 7.3 9.0 - - - - 
2” Direct 
Transmission 
   
(pcf) 
125 121 121 118 - - - - 
w  
(%) 
7.8 7.5 6.8 7.9 - - - - 
 
 
Figure 5.15 Dry density vs. moisture results from Badlands (acceptance = 126 pcf) 
 
LWD results w0, ELWD and backcalculated E1-LWD are plotted vs. dry density and moisture 
content in Figure 5.16. Focusing on the 2 inch direct transmission results, Figure 5.16c reveals 
that ELWD varies from 100-400 MPa for the dry density data that met acceptance. The 
relationship between ELWD and dry density is almost vertical. Selecting a target ELWD required for 
acceptance would yield significant uncertainty. The comparison of E1-LWD vs. dry density in 
Figure 5.16e creates an even greater challenge, as E1-LWD varies from 200-700 MPa for dry 







Figure 5.16 (a) w0 vs. dry density, (b) w0 vs. moisture, (c) ELWD vs. dry density, (d) ELWD vs. moisture,              










5.8 Carlsbad LWD Deflection  
Figure 5.17 provides typical applied force and resulting velocity and displacement time 
histories at one Carlsbad test location. The results are presented for 1 and 2 days after final 
compaction of the emulsified and reclaimed surface course. The magnitudes of v0, v30 and v60 
decrease noticeably between the two days of testing, as does the rebound velocities. This implies 
an increase in stiffness of the stabilized layer. However, Fpk is slightly lower on day 2 than day 1. 
The displacement time histories follow from the velocity responses. At this test location, peak 
applied force decreased slightly from day 1 to day 2. Consequently, it is not evident here if w0, 
w30 and w60 are all influenced by the curing of the reclaimed layer.  
 
 
Figure 5.17 Typical applied force, (a) ground velocity and (b) ground displacement LWD response over 2 






Peak LWD deflections (average of 3 drops) observed at Carlsbad are presented in Figure 
5.18 and Table 5.10. Measured peak deflections varied quite considerably over the 500 ft long 
test section. Peak deflections between positions 200-400 ft are considerably higher than 
elsewhere. And, the deflection response, particularly the w30 and w60 data, reveal a seam of softer 




Figure 5.18 LWD deflections (a) w0, (b) w30 and (c) w60 for Carlsbad cure days 1 and 2 
 
The cv for this data set on day 2 (63 locations) was approximately 26% for w0, 51% for 
w30 and 68% for w60. This is an indication that the subgrade varies significantly more than the 







cause for the high variation in radial offset deflections. The variation in Carlsbad w0 is less than 
observed at Badlands (25% vs. 30%) but significantly greater than for w30 and w60 (w30 cv = 51% 
for Carlsbad vs. 24% at Badlands, w60 cv = 68% for Carlsbad vs. 16% for Badlands). Similar to 
Badlands, peak deflections are slightly greater in the outside wheel path than the inside wheel 
path and center of lane. This is most prevalent for w30 and w60. w60 deflections from Carlsbad 
LWD tests were found to be very small, with several values less than 10 µm. With a deflection 
accuracy of ±1 µm, such low measurements can yield high errors. Consequently, w60 deflections 
are not used in the layered-elastic backcalculation of Carlsbad data; w30 is used to predict the 
subgrade modulus.  




Fpk w0 w30 w60 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(kN) (%) (µm) (%) (µm) (%) (µm) (%)  
Day 
1 
IWP 15.5 1 256 21 43 58 15 91 
C 15.5 1 296 30 49 61 16 75 
OWP 15.3 1 296 23 70 56 23 77 
ALL 15.4 1 274 25 54 61 18 83 
Day 
2 
IWP 15.4 1 247 20 44 43 14 71 
C 15.3 2 280 33 55 53 18 66 
OWP 15.4 2 253 19 59 49 20 66 
ALL 15.4 2 260 26 53 51 17 68 
 
5.9 Carlsbad LWD Modulus 
ELWD determined from the Carlsbad test data is presented in Figure 5.19 and Table 5.11. 
The results convey the same trend displayed in w0. Little change is evident for locations where 
testing was performed on both cure days. For day 2, ELWD exhibits a relatively low cv (22%) 
compared to Badlands (30%). Compared to Badlands, which is also an FDR emulsion site, 
Carlsbad ELWD is approximately 60% higher and most likely due to the stiffer subgrade 
conditions (shallow bedrock) at Carlsbad vs. Badlands. Stiffness gain from day 1 to day 2 varies 
from negative or zero growth to 50% growth. Eight of the test locations exhibited zero or 





Figure 5.19 (a) Spatial Variation and (b) percent increase in ELWD at Carlsbad 
 
Table 5.11 Composite moduli from LWD for Carlsbad 
Path 





(MPa) (%) (MPa) (%) 
IWP 314 23 365 18 
C 362 31 362 28 
OWP 366 22 375 19 
ALL 347 26 367 22 
 
Layer elastic moduli for Carlsbad are presented in Figure 5.20 and Table 5.12. w30 peak 
values are used for computing E2-LWD instead of w60 because of the small deflections at w60. E1-
LWD values are 31% higher than ELWD on average. The cv for ELWD and E1-LWD were found to be 






explanation for this is the presence of the shallow bedrock. Research has shown that the presence 
of shallow bedrock significantly alters the dynamic response of deflections, even with small 
changes in depth to bedrock. Figure 5.20 illustrates how E2-LWD does not change from day 1 to 
day 2 for locations where tests were performed on both days. Furthermore, little gain in E1-LWD is 
exhibited from day 1 to day 2, which agrees with the composite ELWD data. 
 
 
Figure 5.20 Spatial characterization and distribution for Badlands (a) E1-LWD and (b) E2-LWD 
 
Table 5.12 Backcalculated layer moduli from Badlands LWD tests 
Path 
Day 1 Day 2 









(MPa) (%) (MPa) (%)  (MPa) (%) (MPa) (%)  
IWP 295 21 238 67 327 18 265 45 
C 285 22 344 54 314 33 280 49 
OWP 284 18 371 48 307 22 337 42 






5.10  Carlsbad LWD vs. FWD Comparison  
A comparison of the Carlsbad composite ELWD vs. EFWD is presented in Figure 5.21a and 
summarized in Table 5.13. ELWD and EFWD exhibit a reasonable correlation, with more scatter 
than the Badlands data. The ratio ELWD/EFWD is closer to one as compared to Badlands where 
ELWD/EFWD = 1.8. This is attributed to the stiffer underlying Badlands material that is on the order 
of the stabilized base stiffness. This lessens the depth of influence difference between the 20 cm 
diameter LWD and the 30 cm FWD diameter as well as the nonlinearity of the subgrade. ELWD 
and EFWD exhibit similar variability (ELWD cv = 25% vs. EFWD cv = 22%). Figure 5.21b compares 
ELWD vs. EP-FWD. There is evidently no correlation between ELWD and EP-FWD, contrary to 
Badlands where at least a slight correlation existed. 
 
 
Figure 5.21 (a) ELWD vs. EFWD and (b) EP-FWD for Carlsbad Day 2 
 





 ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%) 
Day 
3 
IWP 365 18 310 23 
C 362 28 325 29 
OWP 375 18 332 21 






A comparison of E1-LWD with EP-FWD is presented in Figure 5.22. No MODTAG analysis 
was performed on Carlsbad data so there is no data for E1-FWD to present. E1-LWD and EP-FWD do 
not correlate. It is evident that the bedrock has a significant impact on the backcalculated top 
layer moduli and is producing unexpected results. E1-LWD is typically less than ELWD suggesting 
that the subgrade is stiffer than the stabilized base layer, which is not anticipated since pavement 
foundations are generally constructed with stiff-over-soft layers. Consequently, no confidence 
can be placed on backcalculated E1-LWD.  
 
 
Figure 5.22 Carlsbad layer moduli results from LWD and FWD results (Day 2) 
 
Figure 5.23a illustrates a strong correlation between E2-LWD and E2-FWD (R
2
 = 0.81). The 
correlation is more prevalent for normalized radial offset deflections demonstrated in Figure 
5.23b (R
2
 = 0.97). Consistent with Badlands data, LWD and FWD radial offset deflections 
appear to correlate very well. Contrary to Badlands results, normalized LWD deflections are 
generally the same as FWD normalized deflections. This is to be expected because the 
underlying material at Carlsbad is very stiff and the deflections are much smaller. To this end, 






Figure 5.23 (a) E2-LWD vs. E2-FWD and (b) normalized peak deflections at r = 30 cm and 60 cm from Carlsbad 
LWD and FWD 
 
Similar to Badlands, cv values for LWD and FWD deflections at Carlsbad are similar; cv 
for w′0 and d′0 were 22% and 25% respectively, cv for w′30 and d′30 were 52% and 54% 
respectively and w′60 and d′60 were 70% and 62% respectively. cv values for backcalculated 
moduli were 25% and 28% for E1-LWD and E1-FWD respectively; 46% and 43% for E2-LWD and E2-
FWD. Table 5.14 summarizes the backcalculated moduli results.  




E1-LWD EP-FWD E2-LWD E2-FWD 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%) (MPa) (%)  (MPa) (%)  
Day 
2 
IWP 327 18 586 34 265 45 224 40 
C 314 33 664 25 280 49 237 41 
OWP 307 22 646 26 337 42 294 43 
ALL 316 25 632 28 294 46 252 43 
 
Comparison of the LWD results with FWD from the Carlsbad data reveals a relatively 
strong correlation, specifically for radial offset deflections. This further validates that radial 
offset deflections from LWD testing have the capacity to reveal similar assessments of the 
subgrade stiffness as the FWD. The correlation for center deflections between LWD and FWD is 
significantly weaker than radial deflections however. Furthermore, the correlation is not nearly 
as strong as the Badlands data for center results. The plausible explanation for the poorer 
correlation at Carlsbad is that the presence of the bedrock layer considerably affects the plate 
response of the LWD, more so than the FWD, because of the more dynamic (shorter load pulse) 





5.11 Prince Williams Deflections  
Figure 5.24 presents typical applied force and resulting velocity and displacement time 
histories at one Prince William test location. The results are presented for 1, 3 and 7 days after 
final compaction of the FDR with cement surface course. In contrast to the 10 kg drop mass used 
at Badlands, a 15 kg drop mass was used at Prince Williams. Fpk is spatially similar within each 
test day; however, a noticeable increase in Fpk is exhibited from day 1 to day 3. The magnitudes 
of v0 decrease noticeably from day 1 to day 7 while v30 and v60 slightly increase, which could 
partially be due to the increase in Fpk, but is also likely in response to precipitation events 
between test days as discussed in the next paragraph. The integrated deflections demonstrate 
these same trends. Peak deflection arrival times at r = 0 do not change with curing, while at 
radial offsets, peak arrival times decrease day to day. 
 
Figure 5.24 Typical applied force, (a) ground velocity and (b) ground displacement LWD response over 7 





Peak LWD deflections observed after 1, 3 and 7 days of curing at Prince Williams are 
presented in Figure 5.25 and summarized in Table 5.15. Similar to Badlands and Carlsbad data, 
the measured peak deflections varied considerably over the 500 ft long test section, including 
greater deflections in the outside wheel path. w0, w30 and w60 all indicate a soft area centered 
around 100 ft. The variation in w0 for this LWD test set (63 locations) is greater than observed at 
Badlands and Carlsbad. cv = 35-40% for w0 (30% for Badlands, 25% for Carlsbad). The cv for 
w30 and w60 was 36% and 35%, respectively; these are higher than Badlands (24% and 16%) and 
less than Carlsbad (51% and 68%). The coefficient of variation does not appear to change 
significantly day to day.  
Peak deflections were considerably greater in the outside wheel path than the inside 
wheel path and center of lane. Contrary to Badlands where this was most pronounced in w0 
results, both center and radial offset deflections in O were significantly greater than I and C 
locations (approximately 35-50% for w0, 40-50% for w30, and 30-50% for w60). This suggests 
that the subgrade is the primary cause of the higher deflections in the outside wheel path, unlike 
Badlands where it was concluded that the stabilized base layer was the primary cause for higher 
deflections.  
Values of w0 generally decreased from day to day, although this was more pronounced 
from day 3 to day 7.  On average, w0 did not change significantly from day 1 to day 3. From day 
3 to day 7, w0 decreased 34% on average, indicating an increase in stiffness during curing of the 
stabilized base layer, but not until after day 3 of curing.   
Radial offset deflections exhibited a slight increase in peak, most notably for w60 and in 
the outside wheel path. This is likely a result of precipitation that occurred between test days 
(approximately 0.4” of rainfall was recorded between days 3 and 7). The elastic modulus of the 
clayey subgrade can be susceptible to even slight changes in moisture (Roberson 2007, 
Hernandez 2011) and can affect LWD results (Tan et al. 2013).  
Since the outside wheel path test results showed the most increase in deflections 
(decrease in stiffens), this suggests that precipitation falling on the unpaved shoulder infiltrated 
and moved along suction gradients towards the centerline in the subgrade layer. This process has 
been aggressively studied at Mn/DOT and had shown to significantly impact the subgrade 



















Fpk w0 w30 w60 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(kN) (%) (µm) (%) (µm) (%) (µm) (%)  
Day 
1 
IWP 14.6 3 275 32 61 32 25 33 
C 14.6 3 279 38 57 30 25 37 
OWP 14.2 3 371 31 89 33 34 32 
ALL 14.5 3 308 34 69 32 28 35 
Day 
3 
IWP 15.4 2 280 29 68 32 29 32 
C 15.3 4 230 43 60 36 27 37 
OWP 14.8 4 364 35 90 40 37 33 
ALL 15.1 4 291 35 73 36 31 35 
Day 
7 
IWP 15.4 3 170 34 64 36 29 33 
C 15.4 2 159 42 64 37 30 36 
OWP 15.0 3 244 47 100 41 46 36 
ALL 15.3 3 191 41 76 38 35 35 
 
5.12 Prince William LWD Modulus 
Prince William ELWD results are presented in Figure 5.26a for each cure day. The percent 
increase in ELWD is also shown and the results are summarized in Table 5.16. The mean ELWD 
increased 80% from day 1 to day 7 and reaches 560 MPa. The composite stiffness varies 
considerably, e.g., ELWD values at the right end of the test site exceed 1000 MPa while ELWD in 
the outside wheel path and in the region centered around 100 ft. dips below 200 MPa. The 
overall cv for ELWD is approximately 35-50%. There is greater variation in the center path (cv > 
40%) than elsewhere (cv = 35%).   
The percent increases in ELWD in Figure 5.26b demonstrate that on average the modulus at 
each test location increases with each cure day. However, there are several examples where 
either no stiffness gain or a loss in stiffness was exhibited. From day 1 to day 3, 18 of 63 test 
locations exhibited negative or zero gain, most notably in the north end of the test section. From 
day 3 to day 7, six of 63 test locations exhibited negative or zero gain. The locations where these 
observations occur are not consistent day to day. In fact, the 400-500 ft. area of the test section 
demonstrates significant stiffness gain exceeding 100% from day 3 to day 7 while no or negative 
stiffness gain was observed from day 1 to day 3. It is also evident that the rate of stiffness gain 
for each cure day is not consistent throughout the test section. The rate of growth varies from 
negative growth to over 100%. ELWD results either suggest strong variation in growth behavior 







Figure 5.26 (a) Spatial Variation and (b) percent increase in ELWD at Prince William 
 
Table 5.16 Composite moduli from Prince William LWD 
Path 







(MPa) (%) (MPa) (%) (MPa) (%) 
IWP 334 29 346 31 583 20 
C 350 38 480 55 662 26 
OWP 243 25 265 35 419 43 







To isolate the elastic modulus of the stabilized base layer (E1-LWD) and subgrade (E2-LWD), 
layer-elastic analysis was performed (Equations (3.2)-(3.4)). The results are presented in Figure 
5.27 and Table 5.17. Day 1 E1-LWD values are approximately 12% less than the composite ELWD. 
This is due to a generally higher estimated subgrade modulus than top layer, resulting in a E1/E2 
< 1. Consequently, the composite modulus would be higher than E1-LWD since the top layer is 
softer than the subgrade. Day 3 average E1-LWD was slightly higher than ELWD and day 7 E1-LWD is 
significantly higher (50%) than ELWD. This trend is indicative of the stiffness gain of the 
stabilized base layer during curing. E1-LWD exhibits substantially higher stiffness gain from day 1 
to day 7 (200%) than ELWD (80%) while E2-LWD is essentially constant from day 1 to day 3 and 










Table 5.17 Backcalculated layer moduli from Prince William LWD tests 
Path 
Day 1 Day 3 Day 7 
E1-LWD E2-LWD E1-LWD E2-LWD E1-LWD E2-LWD 











(MPa) (%) (MPa) (%)  (MPa) (%) (MPa) (%)  (MPa) (%) (MPa) (%)  
IWP 298 45 255 35 334 53 238 33 803 51 239 33 
C 317 52 261 35 513 62 252 34 1058 74 230 33 
OWP 205 28 186 45 254 47 176 30 645 48 145 36 
ALL 273 49 234 37 367 66 222 36 835 67 205 40 
 
Figure 5.28 and Figure 5.29 further illustrate the different moduli during curing. As 
discussed for the Badlands backcalculation results, isolating layer moduli provide insight beyond 
ELWD, specifically regarding the compaction of the stabilized base layer relative to the stiffness of 
the underlying subgrade. The Prince William results demonstrate a softer subgrade for the first 
150 ft. of the test strip that contributed to lower stiffness for the stabilized base layer. This 
further justifies this use of radial offset sensors to measure the stiffness of the subgrade as 
additional information about the construction and compaction (i.e. QC/QA) of the pavement 
layers. 
The distributions of the three LWD moduli are presented in Figure 5.30. cv for E2-LWD is 
on average slightly less than ELWD while E1-LWD is higher. Compared to Badlands, Prince William 
results are more variable. This could be a result of precipitation events, poorer compaction 
quality, poorer repeatability, or a combination.  
The modular ration, E1-LWD/E2-LWD, for each cure day are illustrated in Figure 5.31. Over 
one-half (37) of the day 1 test locations exhibited vertically similar or soft over stiff conditions 
(i.e. E1-LWD/E2-LWD ≤ 1). 23 of the day 3 test location demonstrated E1-LWD/E2-LWD ≤ 1. Nearly all 
day 7 test locations exhibited stiff over soft conditions, indicating that significant stiffness gain 







Figure 5.28 Prince William (a) ELWD, (b) E1-LWD and (c) E2-LWD for each cure day 
 











Figure 5.30 Prince William ELWD, E1-LWD and E2-LWD distributions 
 
 
Figure 5.31 E1/E2 spatial characterization and distributions at Prince William 
 
5.13 Truth 2 Deflection 
 Figure 5.32 provides the typical applied force and resulting velocity and displacement 
time histories at one Truth 2 location. The results are presented for 2 and 7 days after final 
compaction of the stabilized clay base. Contrary to the FDR sites, day to day changes in peak 
magnitudes are insignificant. This implies that curing of lime treated clay does not gain stiffness 






Figure 5.32 Typical applied force, (a) ground velocity and (b) ground displacement LWD response over 5 
days after final compaction of stabilized clay at Truth 2 (test location 17) 
 
Peak LWD deflections (average of 3 drops) observed at Truth 2 are presented in Figure 
5.33 and Table 5.18. Measured peak deflections varied quite considerably over the 500 ft long 
test section, specifically for w0 and w30. cv for w60 response is significantly less, implying that the 
variation is due to the stabilized layer and not the subgrade. The variation in Truth 2 w0 is greater 
than observed at the FDR sites. cv = 42-51% for w0 (30% for Badlands, 25% for Carlsbad and 
35-40% for Prince William). The cv for w30 and w60 was 35% and 23%, respectively; these are 
higher than Badlands (24% to 16%) but less than Carlsbad (51% and 68%) and Prince William 
(36% and 35%). cv demonstrated a decrease of 9% for w0 from day 2 to day 7, while w30 increase 





Values of w0 generally decreased from day to day, indicating an increase in stiffness 
during the curing of the stabilized base layer. Values of w30, on the other hand, increased between 
test days while w60 essentially remained constant. Reasons for this behavior, specifically the 
increased in w30 cannot be explained and does not follow the expected curing behavior. Grading 

















Fpk w0 w30 w60 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(kN) (%) (µm) (%) (µm) (%) (µm) (%)  
Day 
2 
IWP 11.6 5 160 59 51 28 30 15 
OWP 11.4 6 209 44 67 32 34 24 
ALL 11.5 6 185 51 59 33 32 22 
Day 
7 
IWP 11.5 5 125 24 59 34 32 15 
OWP 11.6 3 168 46 86 34 37 25 
ALL 11.5 4 146 42 72 39 34 23 
 
5.14 Truth 2 LWD Modulus 
 Truth 2 ELWD results are presented in Figure 5.34 and Table 5.19 for each cure day along 
with the percent increase. The mean ELWD increased 8% from day 2 to day 7 and reaches 267 
MPa. The composite stiffness varies considerable over the test section ranging from 100 to 400 
MPa. The percent increase in ELWD also varies significantly over the test section from zero or 












Table 5.19 Composite moduli for Truth 2 LWD 
Path 





(MPa) (%) (MPa) (%) 
IWP 288 36 306 22 
OWP 208 44 229 38 
ALL 248 42 267 32 
 
To isolate the elastic modulus of the stabilized base layer (E1-LWD) and subgrade (E2-LWD), 
layer-elastic analysis was performed via the AGDPS procedure (Equations (3.2)-(3.4)). The 
results are presented in Figure 5.35 and Table 5.20. Day 2 E1-LWD values are over 50% greater 
than the composite ELWD; again, emphasizing the fact that ELWD is a composite modulus. From 
day 2 to day 7, E1-LWD increased 22%. This is significantly higher than the strength gain 











Table 5.20 Backcalculated layer moduli from Truth 2 LWD tests 
Path 
Day 2 Day 7 









(MPa) (%) (MPa) (%)  (MPa) (%) (MPa) (%)  
IWP 655 56 158 11 763 32 148 17 
OWP 475 59 140 21 618 46 131 23 
ALL 565 59 149 17 691 39 139 20 
 
E1-LWD/E2-LWD for each cure day is illustrated in Figure 5.36. All test locations 
demonstrated modular ratios  1.0. On day 2, several test locations exhibited E1/E2 close to 1.0. 
By day 7, however, most test locations demonstrate a modular ratio > 3.0. This further illustrates 
the stiffness gain of the stabilized layer from day 2 to day 7. 
 
 
Figure 5.36 E1/E2 spatial characterization and distributions at Truth 2 
 
LWD data from Noxubee, Mesa Verde and Truth 1 were limited (8-9 test locations each) and are 









CHAPTER 6 – COMPARISON ACROSS TEST SITES 
6.1 Overview 
While five of the seven test sites involved full depth reclamation of asphalt surfaces to 
relatively similar depths (150-200 mm), the differences in FDR treatments (emulsion, cement) 
and existing base/subgrade conditions led to considerable differences in LWD results. This 
section compares results across the five FDR test sites. Results from the lime stabilized test sites 
(Truth 1 and 2) are also presented here for comparison. 
6.2 LWD Results 
The ELWD distributions at each site are compared in Figure 6.1a. Average day 1 ELWD 
values ranged from 206 MPa (Badlands) to 347 MPa (Carlsbad) and cv varied from 26% 
(Carlsbad) to 48% (Truth 2). The resulting ELWD values stem from similar variations in 
normalized deflections w′0 as shown in Figure 6.1b. The backcalculated E2-LWD and normalized 
LWD w′60 in Figure 6.2 shed significant light on the ELWD results. For example, the high 
Carlsbad ELWD results stem from very stiff subgrade (low w′60/high E2-LWD) while the low 
Badlands and Noxubee ELWD results are driven largely by the soft subgrade (high w′60/low       
E2-LWD).  
The multiple variables (e.g. stabilizer content and surface layer thickness) make it 
difficult to extract specific information regarding the stabilization treatment. For example, 
Noxubee and Prince William both involve 5% cement treatment and 200 mm FDR depths; 
however, the existing AC depth at Noxubee was 25-75 mm versus 90 mm at Prince William. It is 
difficult to compare the compaction quality between different sites due to the difference in 
stabilization materials.  
To further illustrate how the composite ELWD is significantly tied to the stiffness of 
subgrade (E2-LWD), mean values of ELWD and E2-LWD are compared in Figure 6.3 (standard 
deviation shown via uncertainty bars). In general, ELWD increases with increasing E2-LWD. This 
emphasizes the need for measuring deflections at radial offsets to characterize the stiffness of the 
subgrade for a more appropriate interpretation of the center LWD deflection results (e.g. 






Figure 6.1 Range of (a) ELWD and (b) w′0 across all sites on day 1 
 
 









Figure 6.3 ELWD vs. E2-LWD¬ with mean and standard deviation error bars for all sites 
 
To compare deflection data across all sites, we assume that different drop masses do not 
induce nonlinear soil behavior that would influence the normalized deflection response. This is 
verified in Figure 6.4 that shows normalized deflections for Badlands at locations where both 10 
kg and 15 kg drop mass tests were performed on the same day (day 3).      
 





Figure 6.5 illustrates the increase in ELWD at each site from day 1 to the final day of 
testing (varied from site to site). The results show that the LWD captures this growth even after 1 
or 2 days. As expected, ELWD grows more significantly after 6 days. Mesa Verde, treated with 
foamed asphalt, exhibited the highest rate gain ELWD, increasing 91% from day 1 to day 3. The 
two cement treated base sites, Prince William and Noxubee, exhibited reasonable gains in 
modulus from day 1 to day 3, as did the emulsion treated FDR at Badlands. The gain in modulus 
from day 1 to day 2 at both Badlands and Carlsbad was very small. While a small data set, these 
two sites suggest there is little value in LWD testing before day 2. The lime stabilized base layers 
at the Truth sites demonstrated significantly lower gains in modulus. 
 
 












There was a notable range in cv values across all sites: 17% (Mesa Verde day 3) to 53% 
(Prince William day 3). Two of the six sites exhibited constant cv over each test day (Badlands 
and Carlsbad), while Prince William, Mesa Verde, Noxubee and Truth 1 & 2 have significantly 
different cv values between test days. Curing of the stabilized base layer does not appear to 
directly influence cv as in some cases it remains constant for each test day (Badlands and 
Carlsbad) and in other cases cv either increases (Prince William and Noxubee) or decreases 
(Mesa Verde). Furthermore, Figure 6.5 illustrates the variance in ELWD on the final day of testing. 
Mean ELWD values on the final test day range from 261 MPa (Badlands) to 624 MPa (Mesa 
Verde).   
Figure 6.6 illustrates the increase in E1-LWD at each site from day 1 to the final day of 
testing (varied from site to site). As expected, E1-LWD data reveals higher stiffness gain than ELWD. 
 E1-LWD is more than two times higher than  ELWD on average. This is significant in the sense 
that the composite modulus ELWD will underestimate the stiffness gain of the stabilized base 
layer. Based on E1-LWD results, Prince William demonstrated the highest stiffness gain (206%), 
contrary to the ELWD results which suggested Mesa Verde exhibited the highest strength gain. 
Minimal gain in E1-LWD was exhibited at Carlsbad. cv values for E1-LWD are notably higher than 
for ELWD with the exception of Carlsbad, indicating higher variance in the stabilized base layer 
than in the subgrade. This is reflected in the cv for center and radial offset deflections where 
center deflections generally exhibited higher cv than radial offset deflections. Again, Truth 
results demonstrated significantly lower stiffness gain in the stabilized layer compared to the 
FDR sites (with the exception of Carlsbad). 
Figure 6.7 illustrates the distribution and change in E2-LWD from day to day for each site. 
As a verification of test reliability and that w60 is uniquely assessing the subgrade only, Figure 
6.7 illustrates how E2-LWD is relatively constant day to day, including cv, for each site. Generally, 
the cv for E2-LWD is less than that for ELWD, with the exception of Carlsbad. The significantly 
higher E2-LWD cv for Carlsbad is attributed to variability in the shallow bedrock. The difference in 
day to day E2-LWD at each site may be influenced by moisture changes in the subgrade (as 
believed to be the case for Prince William) and may also be an indication of the 






















Figure 6.7 (a-g) E2-LWD distributions for all test days at each site; (h) summary of percent change in E2-LWD 
 
Figure 6.8 illustrates the consequences of using composite moduli (ELWD) vs. layer 
moduli (E1-LWD). For sites where the cv of the subgrade modulus is relatively low (Badlands, 
Mesa Verde, Noxubee), there is a strong linear correlation between ELWD and E1-LWD. However, 
for sites where the subgrade stiffness is highly variable (Prince William and Carlsbad), the 
correlation between ELWD and E1-LWD begins to break down. Figure 6.8 also illustrates how ELWD 
can either under-predict or over-predict top layer modulus, depending on the relative stiffness of 
the subgrade compared to the top layer. When comparing all sites in Figure 6.8f, it is evident that 



























6.3 Comparison with FWD 
ELWD and EFWD results across all tested sites are compared in Figure 6.9a. The 
considerable scatter in Mesa Verde data suggests testing errors in either the LWD or FWD. FWD 
testing was not performed at Prince William and Noxubee. The results from Badlands and 
Carlsbad exhibit different but strong and linear correlations, while Mesa Verde data is more 
scattered. The ELWD /EFWD ratio is different across sites. ELWD/EFWD is approximately 1.8 for 
Badlands and closer to 1 for Carlsbad. The likely reasons for this difference stem from subgrade 
nonlinearity and plate diameter. For the relatively soft Badlands subgrade, the soil likely 
exhibited stress dependent softening response during FWD testing and therefore lower E2-FWD. 
The Carlsbad subgrade was very stiff suggesting less nonlinearity. Further, the 30 cm FWD plate 
diameter engages a relatively higher portion of the subgrade than the 20 cm diameter LWD plate 
diameter (recall the depth of influence is proportional to plate diameter). EFWD will therefore be 
less than ELWD at Badlands given the soft subgrade. The depth of influence aspect is not 
significant at Carlsbad because the underlying material stiffness is similar to the base layer 
stiffness.  
For the top layer modulus, there is no universal correlation between LWD and FWD 
backcalculated moduli as demonstrated in Figure 6.9b. This is reflected in the composite 
modulus where the relative scatter compared to w′60 (Figure 6.11b) is significantly greater. This 
fact, in conjunction with errors produced from backcalculation, illustrates the difficulty in 
consistently and accurately estimating the top layer modulus. 
 





To further compare deflection results from LWD and FWD testing, normalized center 
deflections (w′0 for LWD and d′0 for FWD) are presented in Figure 6.10. Mesa Verde and 
Badlands conform to a similar general relationship (w′0/ d′0 = 0.79) despite no overlap in their 
responses (composite stiffness is clearly higher at Mesa Verde). At Carlsbad, w′0 exceeds d′0 
(w′0/ d′0 = 1.3) and the relationship is more scattered. Chapter 2 documented the strong influence 
of near surface bedrock on dynamic effects and how dynamic effects likely influence the LWD 
test more than the FWD test. The Carlsbad data suggests that the dynamic amplification of center 
plate LWD results is greater than the center plate FWD dynamic amplification. 
 
Figure 6.10 w'0 vs. d'0 for Badlands, Carlsbad and Mesa Verde 
Normalized LWD and FWD deflections at radial offsets 30 cm and 60 cm correlate well 
(R
2
 = 0.95 and 0.97) as a power function demonstrated in Figure 6.11. While initially linear for 
stiffer subgrades (lower w′r and d′r), d′r values exceed w′r for softer soils. This is likely 
illustrating the nonlinear strain dependent behavior of the subgrade. The FWD imparts higher 
stresses than the LWD (500-650 kPa for FWD vs. 300-450 kPa for LWD in this study). At these 
higher stresses, the subgrade soil exhibits strain softening behavior. This is captured in the 
backcalculated modulus results where E2-LWD is greater than E2-FWD (Figure 6.12). Both LWD and 
FWD results exhibit high variation in subgrade stiffness at Carlsbad as a result of the shallow 
bedrock depth. Contrary to center deflections, the relation between radial offset deflections from 
LWD and FWD is consistent across all sites. This is significant in that it demonstrates the strong 
capability of the LWD radial offset deflections to consistently characterize the stiffness of 
underlying layers similar to the FWD. Furthermore, this provides evidence that deflections at 






Figure 6.11 (a) w′30 vs. d′30 and (b) w′60 vs. d′60 for Badlands, Carlsbad, and Mesa Verde 
 
 
Figure 6.12 E2-LWD vs. E2-FWD for Badlands, Carlsbad and Mesa Verde 
 
LWD results correlate well with FWD results universally across the tested sites, most 
notably for radial offset deflections and backcalculated subgrade moduli. Composite moduli 
from LWD and FWD also demonstrate a relationship, although not as universal across the sites. 
This sheds light on the accuracy of the deflection measurements and the repeatability of the 
measured deflections from both devices. Based on the data from this study, it is evident that the 
relationship between LWD and FWD center deflections is site/material specific while a 
consistent relationship exists across all sites exist for radial offset deflections. Consequently, 
significant deviations in LWD vs. FWD backcalculated moduli of the stabilized base layer can 





CHAPTER 7 – FINITE ELEMENT ANALYSIS OF FIELD RESULTS 
7.1 Introduction 
As discussed Chapter 2, static versus dynamic analysis of deflections yield different 
results. For the dynamic analysis of LWD results in this study, the interaction of the LWD 
loading with the soil was modeled in the commercial finite element package COMSOL 
Multiphysics
TM
. Previous studies have validated this model both via static loading compared to 
the Boussinesq analytical solutions (Stamp 2012) and via dynamic loading compared to a 
derivation of Lamb’s problem (Senseney 2011). The soil was modeled as a 2D axisymmetric 
circular halfspace with a radius of 20 m, as shown in Figure 7.1 with the modeled Prima LWD 
loading plate (developed by Stamp 2012). A triangular mesh was constructed using the 
COMSOL built-in physics controlled mesh tool with a minimum of 9 nodes at the load plate/soil 
interface.  
 
Figure 7.1 Dynamic, linear elastic, axisymmetric 2D finite element model of Prima LWD on homogeneous soil 




The soil was assumed to be a linearly elastic, isotropic solid with defined elastic modulus, 
Poisson’s ratio and density. The 20 m radius soil region is large enough such that peak 
deflections are not influenced by reflecting waves off the soil boundary, as previously 




the soil density assumed to be 2000 kg/m
3
 for the FDR sites and was equal to the average density 
reported for the Truth test sites (Table 5.2). For the analysis, the measured impulse load was 
applied to the top of the load plate frame in the time domain with a time step of 0.05 ms for 
duration of 40 ms. Analysis in the frequency domain would be appropriate if soil damping was 
applied to the model; however, it has been demonstrated that damping has minimal effect on the 
magnitudes of peak deflections compared to the soil elastic moduli (Stamp 2012 and Senseney 
2011).  In the interest of both computational time and the primary soil property of interest 
(elastic moduli), damping was omitted for the analysis of field data.  
Both halfspace and two-layer soil systems were modeled in this study. A close-up 
example of a modeled two layer system with the Prima 200 mm plate model is illustrated in 
Figure 7.2. The thickness of layer 1 (h) was set equal to the estimated top layer thickness for 
each test site (Table 5.1 and Table 5.2). Layer 2 extended to the 20 m radius of the soil region to 
approximate conditions of an infinite depth underlying layer.  
 
Figure 7.2 Two layer soil model with the Prima 200 mm LWD 
 
In this study, dynamic backcalculation was performed for one representative test location 
at each test site. Sixty deflection data points from each sensor time history are used for the GA to 
match model deflection results with experimental data. Figure 7.3 shows the location of these 
data points in the time interval between t1 and t60. Time t1 corresponds to 30 data points prior to 
the peak deflection wr
max




60 point data range captures the peak deflection, as well as the shape of the curve on both the 
loading and unloading sides of the peak.  
 
Figure 7.3 Data points used in deflection history for GA 
 
7.2 Results 
To begin the presentation of dynamic FEA backcalculation results, Figure 7.4 compares 
the model and experimental results for one test location at the Badlands test site for each cure 
day (see Appendix D for results from all other test sites). FEA deflections demonstrate a 
reasonable agreement with the experimental data, particularly for peak and pre-peak deflections. 
In addition, arrival times for the peak deflections are similar. For the unloading side of the peak, 
model deflections return to zero significantly faster than the experimental data. This reflects the 
non-elastic unloading response typical of field soils contributed by inertial effects that FEA does 
not capture. In addition, FEA fails to capture the permanent deformation exhibited by center 
experimental data for day 1. Figure 7.4 also present experimental and model deflection bowls of 
the maximum surface deflections. FEA demonstrates the capability to accurately produce a 
surface deflection bowl that aligns with measured peak deflections. While there is some 
discrepancy in the deflection time histories, the ability of the FEA to match experimental peak 















E1 = 449 MPa 
E2 = 95 MPa 
E1 = 513 MPa 
E2 = 98 MPa 
E1 = 596 MPa 
E2 = 104 MPa 
RMS = 2.6% RMS = 1.7% RMS = 3.5% 
   




Estimated layer moduli from FEA for each test site are summarized in Table 7.1 
alongside with quasi-static backcalculation results for comparison for one representative test 
location at each test site. To quantify how well model results fit with experimental data, the root 
mean square (RMS) of the difference between model and experimental peak deflections were 
calculated in the same manner as the LWDmod software. RMS for FEM results is consistently 
higher than for the LWDmod. This is to be expected as LWDmod incorporates non-linearity in 
the backcalculation to minimize the RMS of the absolute difference in deflections.  




2D-FEM LWDmod AGPS Eq. 1 
E1    
(MPa) 
E2    
(MPa) 
RMS     
(%) 
E1    
(MPa) 
E2    
(MPa) 
n 
RMS     
(%) 
E1    
(MPa) 





1 449 95 2.6 570 103 -0.01 1.4 521 91 290 
2 513 98 1.7 653 105 -0.02 0.8 659 95 313 
3 596 104 3.5 673 132 0.02 1.1 745 101 342 
Carlsbad 
1 184 474 9.1 344 139 -0.32 0.9 204 486 309 
2 174 474 10.6 360 113 -0.38 2.2 197 483 300 
Prince 
1 311 304 5.0 368 100 -0.20 1.8 253 189 272 
3 364 264 2.4 404 195 -0.08 0.9 324 232 343 
7 611 238 3.1 933 185 -0.08 1.3 802 210 555 
Mesa 
1 1106 109 2.7 1654 74 -0.17 3.1 1808 107 458 
3 1617 146 4.5 2462 106 -0.14 2.7 2883 143 653 
Noxubee 
1 124 84 8.2 224 44 -0.22 1.6 153 84 146 
3 224 84 9.6 477 33 -0.35 0.9 286 86 211 
Truth 1 
2 171 108 4.6 245 76 -0.14 1.3 197 103 184 
4 181 108 3.4 247 76 -0.14 2.1 198 103 184 
8 276 108 4.6 365 91 -0.11 0.9 308 111 247 
Truth 2 
2 263 98 8.1 420 56 -0.27 0.7 317 102 242 
7 407 98 2.1 506 106 -0.10 1 440 124 273 
 
Day-to-day, all backcalculation methods demonstrate an increase in stiffness in the 
stabilized base layer as a result of curing, with the exception of Carlsbad where essentially zero 
stiffness gain is exhibited by all backcalculation methods (Figure 7.5). However, backcalculation 
methods demonstrate to yield different modulus estimates. In general, the FEM backcalculated 
modulus is less than that estimated from LWDmod and AGDPS procedures. This reiterates the 
fact that static deflections are typically higher than dynamic deflections under the same Fpk and, 




to backcalculate a quasi-static modulus. Equation (1.1) modulus is the composite modulus of the 
stabilized base and subbase layers and therefor will always be different than the backcalculated 
moduli from layered analysis. 
 
Figure 7.5 Comparison of backcalculated E1 for each test site 
 
Backcalculated moduli for the subbase layer are presented in Figure 7.6. The results 
provide significant insight in the verification of the respective backcalculation procedure to 
accurate predict layer moduli; recall that the subbase layer is not expected to change with curing 
of the stabilized base layer. 2D-FEM and the AGDPS backcalculation procedures demonstrate to 
yield relatively constant moduli for layer 2 day-to-day. LWDmod, however, demonstrates more 
significant changes in the subbase modulus compared to 2D-FEM and AGDPS, specifically for 
Badlands, Noxubee, Truth 1 and Truth 2. This can be contributed to the Odemark’s assumption 




LWDmod does not accurately backcalculate the layer moduli.  All backcalculation methods 
demonstrate changes in the subbase modulus for Prince William and Mesa Verde due to either 
the changing conditions in saturation of the subbase due to precipitation (Prince William) or the 
different drop masses used (10 kg vs. 15 kg) between cure days (Mesa Verde). 
 
Figure 7.6 Comparison of backcalculated E2 for each test site 
 
The percent change in E1 from day 1 to day final from the four backcalculation methods 
are illustrated in Figure 7.7. All test sites demonstrated an increase in stiffness, with the 
exception of Carlsbad, most likely due to the lack of allowed cure time between day 1 and day 
final (1 day). In several cases, significant deviations exist in ΔE1 between the four 
backcalculation methods. This is reflective of both the differences in static versus dynamic 
analysis of deflections and the different assumptions for each backcalculation procedure. Figure 




backcalculation methods. However, Equation (1.1) consistently demonstrates the least ΔE; again, 
this illustrates the fact the ELWD is a composite modulus of the stabilized base and subbase layers 
and, consequently, will always underestimate the stiffness gain of the stabilized layer. This is 
significant and sheds light on the necessity to incorporate radial sensors with LWD testing to 
isolate the curing behavior of the stabilized base layer.  
 
Figure 7.7 Percent change in E1 for day 1 to day final for each backcalculation method 
 
Figure 7.8 compares the quasi-static to the dynamic FEM backcalculated moduli for E1. 
Layered backcalculation from static analysis generally demonstrates higher E1 than from 
dynamic FE.  The results demonstrate a non-linear correlation, with a near 1 to 1 correlation at 
lower E1. As the stiffness of the stabilized layer increases, the dynamic effects become more 
prevalent and differences between static and dynamic backcalculation of the surface layer 
modulus are even more substantial. The composite ELWD, on the contrary, is generally less than 
E1-FE, with the exception of Carlsbad as a result of the stiffer bedrock layer underlying the 
stabilized base. 
Backcalculated moduli across all test sites for the subgrade layer are compared in Figure 
7.9. E2-LWDmod and ELWD versus E2-FE do not demonstrate any correlation whatsoever. E2-AGDPS, 
however, demonstrates and exceptionally strong linear correlation with E2-FE, indicating that the 
dynamic effects are not significant in the subbase layer.  The significant correlation between 
static AGDPS and dynamic FE backcalculation results is further illustrated in Figure 7.10. For 
layer moduli ratios (E1/E2) < 5, a near 1 to 1 relationship is demonstrated. As E1/E2 increases, the 
static AGDPS tends to predict higher modular ratios than dynamic FEM. This further illustrates 







Figure 7.8 Comparison of static backcalculated E1 to dynamic FE 
 






Figure 7.10 Comparison of E1/E2 from AGDPS and FE backcalculation methods 
7.3 Conclusions 
FEA backcalculation deflection results presented in this chapter and in the corresponding 
Appendix demonstrated to reasonably agree with measured experimental deflections, specifically 
for the pre-peak curve and peak magnitude of deflections both directly under the load plate and 
at radial offsets. For the unloading, or post-peak, portion of the deflection curve, significant 
differences exist between FEA and experimental deflections. This was determined to be a result 
of the non-linear elastic response of field soils due to inertial effects that linear elastic FEA does 
not capture. With the assumption that the magnitude of the peak deflection is not influenced by 
this behavior, FEA results demonstrate to accurately reproduce the deflection bowl of the 
measured peak surface deflections. The RMS of FEA peak deflections is generally less than 5%; 
this is deemed to be acceptable to have confidence in the backcalculated moduli. Carlsbad and 
Noxubee, however, demonstrated high RMS. The presence of the shallow bedrock layer is 
believed to contribute to this high error for Carlsbad. For Noxubee, factors such as damping and 
non-linear strain dependent modulus are believed to be the main contributors to the high RMS.  
Comparing static to dynamic backcalculated moduli validated that static analysis of 
dynamic deflections will typically lead to an overestimation of the elastic modulus. The strongest 
correlation between the static backcalculated moduli with dynamic FEA backcalculated moduli 
was demonstrated to be for the AGDPS procedure. For lower E1, AGDPS static versus dynamic 
FEA moduli are essentially the same. However, as the stiffness of the surface layer increases, a 
nonlinear correlation is demonstrated as the AGDPS method increasingly over-predicts E1. This 
is consistent with the findings of the parametric study conducted by Senseney (2011). For the 




between the two backcalculation methods. This suggests that the difference in dynamic and static 
deflections is minimal at radial offsets measuring deflections that occur entirely in the subbase 
layer. The Boussinesq modulus (ELWD) demonstrated to generally underestimate the modulus of 
the surface layer (or overestimate in the case of Carlsbad) since it is a composite measure of both 
the stabilized layer and the softer underlying subbase layer (or bedrock layer in the case of 
Carlsbad). 
Both static and dynamic backcalculation approaches have their benefits and limitations. 
Static backcalculation methods are appealing in that they are simple and the computational 
power required is minimal. The backcalculation could even be performed in the field enabling 
for the rapid assessment of multiple test locations at the construction site. This is extremely 
advantageous when taking into consideration construction practices and schedules. The 
capability to rapidly perform QC/QA testing and quickly provide results to the contractor or 
engineer is essential. However, as demonstrated in this chapter, static backcalculation methods 
can yield significantly different results than dynamic backcalculation, generally over-predicting 
the elastic modulus of the surface layer. This can have dire consequences leading the inspector, 
contractor and/or engineer to believe that construction is adequate and meeting the required 
compaction specifications when it may not necessarily be the case.  
While dynamic backcalculation is computationally expensive, it will generally lead to 
more accurate moduli results and can also provide additional useful information, such as 
damping, that static backcalculation cannot provide. Furthermore, backcalculation of a dynamic 
modulus should be desired in the transportation industry as traffic loading is dynamic. It should 
be expected that as computational power continues to improve and become more accessible, 
dynamic backcalculation methods will take precedence over quasi-static methods in the industry. 
Further research is needed, however, specifically with respect to validating the backcalculated 
modulus from dynamic methods such as FEA. This could be performed via laboratory testing to 
determine the triaxial secant modulus with the caveat that stress levels in the lab do not 
necessarily represent those experienced in the field as stress states vary with depth. On a related 
matter, modulus is stress and strain dependent. At this time, linear FEA is not capable of 
accommodating for the stress dependent non-linearity in dynamic testing. While the static 
LWDmod backcalculation is able to account for soil non-linearity, further developments are 




CHAPTER 8 – CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
 In this study, LWD testing with radial offset sensors was investigated and the results 
presented reveal the following conclusions: 
 From the soil box testing, applying an impulse load by striking the LWD plate with a 
rubber mallet demonstrated the capability to produce measurable deflection bowls that 
are characteristic to the layered system. In addition, radial offset sensors further away 
from the load source measure deflections occurring entirely in the underlying layer. The 
existence of even a thin layer (e.g. h1 = 9.5 cm) can to significantly change the deflection 
bowl, which illustrates the fact that measured deflection bowls are dependent on both the 
surface layer thickness and the layer moduli of a two-layer system. These observations 
were validated through the numerical investigation. 
 In the field, the LWD with radial offset deflection sensors was proven to be a useful test 
device for construction QC/QA and forensic analysis on stabilized low volume roads. 
The LWD provides both a composite measure of the stabilized base/subgrade system 
stiffness when using the center plate deflection w0, as well as a measure of the subgrade 
stiffness/modulus when using the radial offset deflection w60. Characterizing the 
subgrade modulus proved extremely helpful when interpreting the composite stiffness 
because one can determine if the variability in w0 is due to the subgrade or surface layer. 
 The LWD was capable of estimating the gain in stabilized base stiffness with curing, and 
provided a very useful tool for examining the influence of stabilizing techniques on rate 
of curing and ultimate stiffness achieved. Isolating the stabilized base layer modulus via 
backcalculation suggests that the composite ELWD slightly underestimates the stiffness 
gain.  
 An assessment of drop to drop deflection results across many single location tests reveals 
that the LWD test is highly repeatable. An evaluation of day to day deflections at r = 60 
cm also revealed high repeatability. The w60 deflection captures the unchanging subgrade 
stiffness (with the exception of Prince William where precipitation softened the 
subgrade). An assessment of these data revealed very repeatable day to day E2-LWD 




 The spatial variability observed in composite ELWD values was found to follow a normal 
(Gaussian) distribution characterized by a mean and coefficient of variation cv. cv values 
across the seven test sites ranged from 17-53%. These values are in general agreement 
with variability reported in other studies (see Chapter 2). The spatial variability in LWD 
and FWD test results were found to be similar. Specifically, the cv for ELWD and EFWD 
were 30% and 33%, respectively, at Badlands and 25% and 22%, respectively, at 
Carlsbad. These results indicate that the reason for the spatial variability is not due to the 
test method but rather the soil itself.  
 LWD results in this study were found to correlate reasonably well with FWD results, 
particularly for radial offset deflections. Normalized deflections at 30 cm radial offset 




 = 0.95. At 60 cm radial, 





 = 0.97. The strong correlation between radial offset deflections carries over to the 
correlation in backcalculated modulus of the subgrade (using the AGDPS procedure) 
where E2-LWD = 1.2E2-FWD with R
2
 = 0.88. It is evident that radial offset deflections from 
LWD testing have the capability to characterize subgrade stiffness in the same manner as 
the FWD. For center deflections, the relationship between LWD and FWD is 
demonstrated to be site specific.  
 Comparison of static (AGDPS) and dynamic (FEA) backcalculated moduli revealed that 
the two approaches yield similar stiffness estimates, specifically for softer materials. As 
the stiffness increases, however, static backcalculation predicted substantially higher 
modulus values than dynamic backcalculation. This demonstrates that for softer 
materials, the dynamic effects, i.e. inertia, are not significant and a quasi-static 
backcalculation procedure will yield reasonable results. For higher stiffness materials, 
however, the inertia associated with the dynamic effects of the LWD test is prevalent and 
should be accounted for in the backcalculation (e.g. dynamic FEA). 
8.2 Recommendations for Future Research 
The study reveals that the LWD provides a promising tool for QC/QA and design 
verification of stabilized low volume roads. Further development of its use is needed, 




(2) connecting LWD test data to design verification; and (3) establishing acceptance criteria and 
testing protocols that can apply across a wide variety of low volume roads. Further, the LWD can 
be used on forthcoming projects to better explore the growth of stabilized base stiffness 
throughout curing. Testing can also be performed atop the final asphalt surface to characterize 
continued stiffness gain in the stabilized layer.  
Additional verification of backcalculated results is needed. This could be performed via 
laboratory testing to determine the triaxial secant modulus (with the caveat that stress levels in 
the lab do not necessarily represent those experienced in the field as stress states vary with depth) 


























ACRONYMS, ABBREVIATIONS AND SYMBOLS 
AASHTO:  American Association of State Highway and Transportation Officials 
AGDPS:  AASHTO Guide for Design of Pavement Structures 
ASTM:  American Society for Testing and Materials 
C:   Center of lane 
CFL:   Central Federal Lands 
DCP:   dynamic cone penetrometer 
DPI:   dynamic cone penetration index 
FDR:   full depth reclamation 
FHWA:  Federal Highway Administration 
FWD:   falling weight deflectometer 
InDOT:  Indiana Department of Transportation 
IWP or I:  Inside wheel path 
ISSMGE:  International Society of Soil Mechanics and Geotechnical Engineers 
LWD:   lightweight deflectometer 
LWD-TV:  lightweight deflectometer target value 
Mn/DOT:  Minnesota Department of Transportation 
OWP or O:  Outside wheel path 
PLT:   plate load test 
QC/QA:  quality control/quality assurance 
 
A:  stress distribution factor 
a: load plate radius 
cv:  coefficient of variation 
D:  total thickness of combined pavement layer 
dr:  maximum deflection at radial distance r E1: modulus of layer 1 (top layer) 
d′0:  maximum deflection at plate center from FWD testing normalized by Fpk 
d′30:  maximum deflection at radial offset r = 30 cm from FWD testing normalized by Fpk 
d′60:  maximum deflection at radial offset r = 60 cm from FWD testing normalized by Fpk 




E1-LWD:  backcalculated modulus of layer 1 from LWD testing 
E2:  modulus of layer 2 
E2-FWD:  backcalculated modulus of layer 2 from FWD testing 
E2-LWD:  backcalculated modulus of layer 2 from LWD testing 
EFWD:  composite modulus from FWD testing 
ELWD:  composite modulus from LWD testing 
Ep:  effective modulus of pavement layers 
Ev1:  modulus from PLT 
ΔELWD:  percent difference in ELWD from previous test. 
Fpk:  maximum applied force 
f:  correction factor for Odemark’s method 
he:  equivalent thickness 
h:  thickness of the top layer  
MR:  resilient modulus 
n:  Odemark non-linearity constant 
p:  load plate pressure 
r:  radial offset desistance 
rmin:  minimum radial offset distance  
 :  Poisson’s ratio 
q:  deviator stress 
v0:  maximum impact velocity at plate center from LWD testing 
v30:  maximum impact velocity at radial offset r = 30 cm from LWD testing 
v60:  maximum impact velocity at radial offset r = 60 cm from LWD testing 
v′0:  maximum rebound velocity at plate center from LWD testing 
v′30:  maximum rebound velocity at radial offset r = 30 cm from LWD testing 
v′60:  maximum rebound velocity at radial offset r = 60 cm from LWD testing 
w0:  maximum deflection at plate center from LWD testing 
w30:  maximum deflection at radial offset r = 30 cm from LWD testing 
w60:  maximum deflection at radial offset r = 60 cm from LWD testing 
w′0:  maximum deflection at plate center from LWD testing normalized by Fpk 




w′60:  maximum deflection at radial offset r = 60 cm from LWD testing normalized by Fpk 
 ̅:  average or mean value 
θ:  bulk stress 
ϒ:  maximum dry density 
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APPENDIX A – SUPPLEMENTAL RESULTS TO CHAPTER 4 
 
 






















APPENDIX B – SUPPLEMENTAL TEST DATA TO CHAPTER 5 
Badlands 
 
Figure B- 1. Spatial characterization and distribution for Badlands Fpk 
 









































Figure B- 7. Spatial characterization and distribution for Prince William Fpk 
 
 













Figure B- 10. Typical applied force, (a) ground velocity and (b) ground displacement LWD response over 3 









Figure B- 11. Spatial characterization and distribution for Mesa Verde Fpk 
 
 























Figure B- 15. Composite ELWD spatial characterization and distribution for Mesa Verde 
 
Table B- 1. Summary of Mesa Verde mean and cv for peak deflections 
Cure 
Day 
Fpk w0 w30 w60 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(kN) (%) (µm) (%) (µm) (%) (µm) (%)  
Day 1 9.2 2 192 57 74 53 36 45 





















Figure B- 16. Typical applied force, (a) ground velocity and (b) ground displacement LWD response over 3 









Figure B- 17. Spatial characterization and distribution for Noxubee Fpk 
 

























Figure B- 21. Composite ELWD spatial characterization and distribution for Noxubee 
 
Table B- 2. Summary of Noxubee mean and cv for peak deflections 
Cure 
Day 
Fpk w0 w30 w60 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(kN) (%) (µm) (%) (µm) (%) (µm) (%)  
Day 1 9.4 1 277 35 108 30 51 18 


























Figure C- 2. LWDmod resulting E1-LWD/E2-LWD for Badlands 
 





 ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%)  
Day 
1 
IWP 354 38 87 27 
C 385 36 84 36 
OWP 270 68 63 38 
ALL 336 47 79 36 
Day 
2 
IWP 426 38 93 26 
C 452 26 93 27 
OWP 337 76 66 39 
ALL 405 47 84 33 
Day 
3 
IWP 524 32 102 19 
C 569 40 100 23 
OWP 470 75 79 30 









E1-LWD EP-FWD E1-FWD E2-LWD E2-FWD 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)  (MPa) (%)  
Day 
3 
IWP 524 32 NA NA NA NA 102 19 NA NA 
C 569 40 327 22 467 21 100 23 56 23 
OWP 470 75 305 47 414 48 79 30 51 23 














 ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%)  
Day 
1 
IWP 393 17 82 44 
C 379 25 125 40 
OWP 393 23 141 68 
ALL 389 21 116 57 
Day 
2 
IWP 417 20 125 42 
C 400 30 111 43 
OWP 549 18 111 50 
ALL 425 23 116 45 
 
 




E1-LWD Ep-FWD E2-LWD E2-FWD 
 ̅ cv  ̅ cv  ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%) (MPa) (%)  (MPa) (%)  
Day 
2 
IWP 417 20 586 34 125 42 224 40 
C 400 30 664 25 111 43 237 41 
OWP 549 18 646 26 111 50 294 43 

































 ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%)  
Day 
1 
IWP 493 59 174 28 
C 504 58 152 39 
OWP 369 31 91 45 
ALL 455 50 139 39 
Day 
3 
IWP 711 64 191 36 
C 577 67 139 33 
OWP 444 55 109 44 
ALL 577 61 146 39 
Day 
7 
IWP 2026 70 178 42 
C 1569 62 177 38 
OWP 1230 59 151 92 





















Figure C- 5. LWDmod results spatial characterization and distribution for Mesa Verde (a) E1-LWD and (b) E2-
LWD 
 




 ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%)  
Day 
1 
1423 65 144 28 
Day 
3 












Figure C- 6. LWDmod results spatial characterization and distribution for Noxubee  (a) E1-LWD and (b) E2-LWD 
 




 ̅ cv  ̅ cv 
(MPa) (%) (MPa) (%)  
Day 
1 
720 64 68 59 
Day 
3 





APPENDIX D – SUPPLEMENTAL RESULTS FOR CHAPTER 7 
 
Figure D- 1. FE vs. experimental deflections for Carlsbad 
 







E1 = 184 MPa 
E2 = 474 MPa 
E1 = 174 MPa 
E2 = 474 MPa 
E1 = 311 MPa 
E2 = 304 MPa 
E1 = 364 MPa 
E2 = 264 MPa 
E1 = 611 MPa 
E2 = 238 MPa 
RMS = 9.1% RMS = 10.6% 





Figure D- 3. FE vs. experimental deflections for Mesa Verde 
 





E1 = 1106 MPa 
E2 = 109 MPa 
E1 = 1617 MPa 
E2 = 146 MPa 
E1 = 224 MPa 
E2 = 84 MPa 
E1 = 124 MPa 
E2 = 84 MPa 
RMS = 2.7% RMS = 4.5% 





Figure D- 5. FE vs. experimental deflections for Truth 1 
 










E1 = 171 MPa 
E2 = 108 MPa 
E1 = 181 MPa 
E2 = 108 MPa 
E1 = 276 MPa 
E2 = 108 MPa 
E1 = 263 MPa 
E2 = 98 MPa 
E1 = 407 MPa 
E2 = 98 MPa 
RMS = 4.6% RMS = 3.4% RMS = 4.6% 
RMS = 8.1% RMS = 2.1% 
